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Abstract 
Innovative Design, Manufacturing and Characterization of Biodegradable Metals for 
Surgical Implant Applications 
Haibo Gong 
Jack G. Zhou, Supervisor, Ph.D. 
 
Biodegradable Magnesium (Mg) has showed great potential as candidate material for new 
generation of biodegradable implants, and to replace conventional non-degradable metals and 
biodegradable polymers. The main problem of current Mg materials is their rather rapid 
corrosion, which can compromise mechanical integrity during tissue recovery. 
The goal of this research is to design and manufacture innovate Mg-based and Zinc (Zn)-based 
alloys and nanocomposites, which possess enhanced corrosion resistance and sufficient 
mechanical properties. Two types of Mg nanocomposites were manufactured and corrosion-
inhibiting nanoparticles were added to enhance corrosion resistance of Mg. Nano-diamond (ND) 
particles were uniformly dispersed in Mg through Powder Metallurgy (PM) processing, and 
ultrasonic processing was developed to achieve single particle dispersion of Cerium oxide (CeO2) 
in Mg. New Zn-based alloy and nanocomposites were designed and developed, and hot extrusion 
were applied to refine grain structure. Metallurgical, mechanical, electrochemical and corrosion 
tests were performed to characterize corrosion and mechanical properties of fabricated materials. 
It was found that corrosion rates of Mg-NDs were still much higher rate than that of commercial 
pure Mg, although they were much lower than that of PM-processed pure Mg. In contrast, 
corrosion resistance of Mg-0.1CeO2 is high enough for interference screw application. Zn-based 
materials had corrosion rates of nearly one-magnitude lower than Mg, thus they are more suitable 
for coronary stent application. Furthermore, corrosion rates of Zn-based materials are tunable by 
adjusting material composition, and the rates range from 0.06 to 0.29 mm/ year, for versatile 
coronary stent designs. In Vitro cytotoxicity test results indicate that Mg, Mg-CeO2, Zn and Zn-
xvi 
 
Cu-Mg alloys are not toxic since cells growing in contact with corrosion products of these 
materials maintained high cell viability and healthy morphology. 
  
1 
 
Chapter 1 Introduction 
1.1 Surgical implants 
Numerous types of surgical implants, such as plates, screws, pins, stents, rods, anchors, and 
staples are used in orthopedic, spinal and vascular surgery, e.g., for bone fractures fixation [1], 
ankle stabilization [2], replacement of intervertebral discs [3], and cardiovascular inflation [4]. In 
these procedures, metal surgical fixation devices are used to provide high initial fixation strength 
and early rehabilitation in postoperative recovery [5-7]. In Fig. 1.1a, interference screws are used 
to secure the replacement ligament connecting femur and tibia [8, 9]. Fig. 1.1b shows the repair of 
a fractured tibial plateau using a contour plate and 5 metal screws in a knee fixation operation [10]. 
Fig. 1.1c illustrates a typical screw compression fixation procedure for a fractured hip [11]. Fig. 
1.2 shows a coronary stent, which is a tube-like mesh and mainly used as a scaffold to provide 
coronary artery with sufficient mechanical support and keep the artery open. 
 
Figure 1.1. a) metal interference screws used in ACL reconstruction; b) a contour plate and 5 
metal screws for a fractured tibial plateau; and c) screw compression fixation for a fractured hip 
[10-12]. 
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Figure 1.2. a) Mechanism of coronary stent; b) Miniature tube-like mesh stent  
1.1.1 Clinical need and market value 
The need of such implanted devices is huge and growing with the aging of the population. For 
example, for anterior cruciate ligament reconstruction only, there are more than 100,000 surgeries 
performed in the United States annually [12].  
Another example is coronary stent, which market was valued at $4.6 billion in 2010 and is 
projected to exceed $8.0 billion by 2015. Boston Scientific and Abbott Vascular are the major 
players in the U.S. coronary stent market, together reporting more than half of all coronary stent 
revenues. Other U.S. manufacturers include Medtronic and once leading but now left-behind 
Johnson & Johnson subsidiary Cordis Corp. Coronary stent market in China has been dramatically 
increasing for years. In 2002, only 40 thousands stents were used in China but 500 thousands stents 
were implanted in 2010. This number is projected to be 750 thousand in 2012. Currently MicroPort, 
Lepu Medical Technology and JW Medical dominate Chinese coronary stent market valued at 
approximately 0.6~1 billion in 2011.  
1.1.2 Problems of non-degradable implants 
Currently most implanted surgical devices are made primarily of titanium and stainless steel. 
While these materials have the desired strength and rigidity to allow the healing process to begin, 
they are essentially neutral in vivo and not biodegradable, remaining as permanent fixtures.  
a b 
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In most cases, patients only need a temporary fixation or support to heal, but non-degradable 
implants permanently stay in patients’ body. This results in adverse effects such as tissue growth 
restriction, accumulation of metals in tissues, implant palpability, potential for cross contamination, 
among others [13-15]. A secondary operation is therefore often needed, bringing more pain to the 
patient. 
Not all implants can be removed at will. For instance, there is no practical way to take out a 
coronary stent. Once the stent is implanted, it must stay in patient’s artery forever. Long term 
presence of coronary stent was shown to be relevant to late thrombosis and chronic inflammation, 
and may cause artery restenosis [16-18]. A second or third stent is often needed when restenosis 
occurs. 
1.2 Biodegradable materials 
Biodegradable implants offer several advantages in load bearing applications over their non-
degradable counterparts used today. Prime among them is the promise that new implants based on 
these materials will eventually dissolve when they are no longer needed, hence eliminating residual 
implants or the pain and expense of a second removal surgery that could be required otherwise. 
These implants also facilitate tissue regeneration and healing by providing temporary mechanical 
support as diseased tissues restore their functions or new cells gradually replace the voids after 
degradation [17, 19, 20]. 
1.2.1 Polymers 
Recent year there has been an increasing interest in the development of biodegradable polymer 
implants, made mainly of poly(lactic acid), poly(glycolic acid) and their copolymers [21]. 
Biodegradable polymer implants have many advantages, e.g., no long-term implant palpability and 
temperature sensitivity, predictable degradation, and no stress shielding, leading to better tissue 
healing, reduced patient trauma, elimination of second surgery for implant removal, and no imaging 
interference [22]. However, the relatively poor mechanical properties of polymer implants generate 
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frequent surgical failures during installation and/or subsequent use [23-25].While efforts have been 
made in improving the mechanical properties of biopolymers, the effects are moderate since the 
basic stiffness and strength of polymers are orders of magnitude lower than those of metals. For 
this reason, polymer implants are not used widely or have limited use in less critical, secondary 
fixation applications. 
1.2.2 Biodegradable metals 
It’s been generally acknowledged that biodegradable metals are more suitable candidate 
materials for load-bearing biodegradable implants due to their superior mechanical properties 
compared to polymeric materials [26, 27].  
Compared with non-degradable metallic biomaterials, the elastic modulus and tensile yield 
strength of magnesium are closer to those of natural bone than other commonly used metallic 
implants. The elastic moduli of current metallic biomaterials are not well matched with that of 
natural bone tissue, resulting in stress shielding effects that can lead to reduced stimulation of new 
bone growth and remodeling which decreases implant stability [28]. 
The elastic modulus and tensile strength of human cortical bone are 3-20GPa and 35-283MPa 
respectively. As shown in Tab. 1.1, the elastic modulus and tensile yield strength of magnesium 
are closer to those of natural bone than other commonly used metallic implants.  
Table 1.1. Mechanical property of human bone and common biomaterials [29] 
 
Cortical 
bone 
Stainless 
steel 
Titanium 
Polylactic 
acid (PLA) 
Pure Mg AZ61 
Elastic modulus 
(GPa) 
3-20 200 115 3 46 46.1 
Tensile strength 
(MPa) 
35-283 480 900 80 89 204 
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1.3 Advantages and limitations of Mg 
Among all materials known, Magnesium (Mg) has great potential as a strong and 
biodegradable material for implants applications because it degrades in body fluids and has 
mechanical properties that match those of natural skeletal structures of the human body. 
Magnesium (Mg) is an exceptionally lightweight metal, and the fracture toughness of magnesium 
is greater than ceramic biomaterials and biopolymers, while the elastic modulus and compressive 
yield strength of magnesium are closer to those of natural bone than is the case for other commonly 
used metallic implants. Moreover, magnesium is essential to human metabolism and is naturally 
found in bone tissue [30-34] and magnesium may actually have stimulatory effects on the growth 
of new bone tissue [35-37]. The in vivo corrosion of the magnesium-based implant involves the 
formation of a soluble, non-toxic oxide that is harmlessly excreted in the urine. Thus it is projected 
that magnesium and its alloys be applied as lightweight, degradable, load bearing implants, which 
would remain present in the body and maintain mechanical integrity over a time scale of 12–18 
weeks while the tissue heals, eventually being replaced by natural tissue [38, 39].  
Despite of some early successes with magnesium-based implants [40-42], it was abandoned 
soon after stainless steels became available [38]. The primary problem hampering the actual use of 
Mg in implanted devices is its extremely rapid corrosion/degradation rate, with useful strength lost 
within a couple of weeks [26, 27]. Due to the rapid corrosion, a magnesium device would lose 
mechanical integrity before the tissue has sufficiently healed. Furthermore, hydrogen gas is 
produced in the corrosion process, and the rapid corrosion yields too much gas to be dealt with by 
the host tissue [38, 40, 43].  
The primary cause of corrosion of Mg is that the oxides formed during corrosion are porous, 
non-stoichiometric, and conduct electricity [44, 45]. As a result, corrosion continues until the metal 
is completely destroyed. On the other hand, in the case of metals like aluminum, titanium, 
chromium and tantalum, the oxides formed are non-porous, stoichiometric and do not conduct 
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electricity, thus they are corrosion resistant.  
Although alloying can be used to improve corrosion resistance of Mg, known formulations of 
Mg alloys for effective corrosion reduction involve aluminum, a toxic element to human issues, or 
other toxic rare earth elements [46], and therefore are not suitable for medical applications.  
Alternatively, coating of organic and inorganic materials can delay corrosion [47]. In 
particular, calcium phosphates (CaP) including hydroxyapatite (HA) and calcium hydrogen 
phosphate (CaHP) were found to be effective coating materials for Mg [48, 49]. However, coating 
alone does not lead to desired biodegradable devices; once the coating layer is consumed, rapid 
corrosion starts with generation of a large amount of hydrogen gas. Therefore, magnesium based 
materials with slow bulk corrosion are awaiting to be developed [38].  
1.4 Mg alloy (WE43) in animal study and clinical practice 
The first biodegradable Mg alloy stent, Lekton Magic (or AMS) coronary stent, was made out 
of WE43 by Biotronik and it was found that the 3mm-diameter stent had very high collapse pressure 
of 0.8 atm and low elastic recoil of 5% (Fig. 1.3).  
In a clinical trial involving 63 patients, the Biotronik stent was found to be well-expanded 
upon deployment without immediate recoil. The major contributors for restenosis as detected by 
IVUS at 4 months were: decrease of external elastic membrane volume (42%), extra-stent 
neointima (13%), and intra-stent neointima (45%). From 4 months to late follow-up, paired IVUS 
analysis demonstrated complete stent degradation with durability of the 4-month IVUS indexes. 
The neointima was reduced by 3.6±5.2 mm3, with an increase in the stent cross sectional area of 
0.5±1.0 mm2 (p =NS). The median in-stent minimal lumen diameter was increased from 1.87 
to2.17 mm at long-term follow-up. The median angiographic late loss was reduced from 0.62 to 
0.40 mm by quantitative coronary angiography from 4 months to late follow-up [50]. 
As shown in Fig. 1.3, The major concern of WE43 stent was that it may lose its mechanical 
integrity in less than 2 weeks, while desired stent duration is at least 6 months [18, 51]. The second 
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generation stent from Biotronik was made out of new Mg alloy modified based on WE43, and it 
showed some moderate sign of collapse in 4 weeks [52].  
  
  
  
Figure 1.3. In vivo study of a Biotronik stent in animal model. (a and b) Magnesium stent from 
Biotronik, (c and d) First generation stent (AMS-1) collapsed in 2 weeks, (d and e) second 
generation stent (AMS-2) collapsed in 4 weeks [51, 52] 
c 
a 
b 
d 
e f 
1st generation 1st generation 
2nd generation 
2nd generation 
4 weeks 2 weeks 
2 weeks 4 weeks 
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WE43 was also used to make orthopedic devices including bone screws. In a rabbit model, 
WE43 bone screw demonstrated good biocompatibility and osteocondictivity, and no foreign body 
reactions, osteolysis, or systemic inflammatory reactions were detected. It was thus indicated that 
WE43 screws are equivalent to titanium screws for the treatment of mild hallux valgus deformities 
[53]. However, the fast corrosion of WE43 still remains as a concern. 
Figure 1.3a to c shows the micro-CT pictures. The analysis revealed a slight decrease in the 
average screw density compared to a nondegraded screw after 12 weeks implantation (95.5%) to 
52 weeks after implantation (group 3) (95.3%). There were no significant differences between the 
groups. The drill hole in the 7-week group is clearly visible and after 52 weeks of implantation 
integration of the tip of the remaining implant into the newly formed bone could be observed. In 
the scans, the shape of the screw and its threads was still visible 52 weeks after implantation (Figure 
1.3c). However, white areas on the µCT-scan of the screw indicated material change. 
The histological analysis of the bone samples are shown in Fig. 1.3d to f. Initial degradation 
of the thread was observed 1 week after implantation (Fig. 1.3d). After 12 weeks, the degradation 
process was more advanced, with about 50% of the metallic part of the implant degraded. Moderate 
apposition of the bone was observed in this group in direct contact with the implant (Fig. 1.3e). The 
metallic part of the implant appeared to be fully degraded 52 weeks after implantation (Fig. 1.3f). 
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Figure 1.4. In vivo study of a biodegradable orthopedic screw (WE43) in a rabbit model a)–
(c): Micro-CT of implants in the marrow cavity of the rabbit femora. (a) 1 week, (b) 12 weeks, and 
(c) 52 weeks after implantation. The contours of the screw were visible in all scans. (d)–(f): 
Histological analysis of toluidine blue stained bone samples at the indicated times after screw 
implantation. (d) 1 week after implantation, the metallic part of the magnesium screw is clearly 
visible. Initial degradation of the thread can be seen (black arrow). (e) 12 weeks after implantation, 
the screws show more advanced degradation. Sparse bone apposition was observed. (f) The metallic 
part of the implant appears to be fully degraded 52 weeks after implantation. We assume that there 
is an apatite construct remaining, with apposition of bone around the implant 
1.5 Specific goals of this research 
Generally speaking, sufficient mechanical properties and controlled corrosion resistance are 
the two most important factors to consider when screening biodegradable metallic materials for 
implants. In addition, no toxic elements are allowed in any biodegradable implants.  
As to specific targets, it has to be discussed case-by-case, because different implants require 
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different properties. In this research, two typical biodegradable implants are selected and new 
biodegradable metallic materials will be developed to meet requirements of these two implants.  
Specific targets of new biodegradable metallic materials are listed in Tab. 1.2. These 
parameters are summarized from research papers and academic symposium presentations [26, 51, 
54-59], and are only intended for pre-clinical screening of candidate biodegradable metallic 
materials. To date, there is no relevant standard to refer to, because biodegradable metallic materials 
is a quite new topic. Therefore, these targets are mostly general and only covered well-
acknowledged material properties. Other tests may be necessary to guarantee success of specific 
biodegradable metallic materials, and these targets have to be carefully interpreted before being 
applied to other types of implants.  
Table 1.2.  Profile of biodegradable surgical fixation devices: In vitro testing targets [25] 
Implants 
Mechanical 
properties 
Lifespan 
Corrosion rate  
(7 days) 
Cytotoxicity 
Interference 
screw 
YTS* > 150 MPa 
Ductility**> 10% 
[56], [25] 
Essential mechanical 
support: >1 month  
Full service period: 
3~6 month [26], [59] 
0.5~ 2.27 
mm/year [54] 
Cell 
viability > 
70 % [60] 
Coronary 
stent 
YTS > 200 MPa 
Ductility > 15% 
[56] 
Essential mechanical 
support  >6 month  
Full service period: 
12~24 month [51] 
0.1~0.5 mm/year 
[55], [58]  
* YTS: Yield Tensile Strength 
**Ductility: percentage of elongation after fracture in tensile test 
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Chapter 2 Literature study 
2.1 Biodegradable metallic materials 
2.1.1 Degradation/ corrosion process of Mg 
To solve the fast corrosion problem of Mg, one must first understand the mechanism and 
process of Mg corrosion. Song and Atrens published a number of papers to explain fundamental 
corrosion science of Mg [44, 45, 54, 61]. Some of their work is summarized in this part and the key 
topic are process, reaction and phenomenon of Mg corrosion. 
The corrosion process of Mg is governed by equations below and illustrated in Fig. 2.1 [44]. 
Briefly, a partially protective and metastable film covers Mg surface once Mg is submerged in 
corrosive solution. This film can easily break or dissolute and allow corrosion occur. Corrosion 
reaction of Mg is complex, and it includes two electrochemical reactions and one chemical reaction.  
As an anode, Mg dissolute and release Mg univalence and free electron (Eq. 1-2). As a balance to 
anodic Mg dissolution, hydrogen ion captures free electron and hydrogen gas forms on cathode site 
(Eq. 1-1). In addition, hydrogen also forms due to chemical reaction between Mg univalence and 
water (Eq. 1-3). As a result of corrosion reaction, three products are produced and they are Mg ions, 
hydroxyl, and hydrogen gas. This is the reason that pH value of the corrosive solution will rise, and 
hydrogen bubble will emerge.  
2 H+ + 2 e → H2 (Cathodic partial reaction)      (1-1) 
2 Mg → 2 Mg+ + e (Anodic partial reaction)      (1-2) 
2 Mg+ + 2 H2O → 2 Mg2+ + 2 OH- + H2 (Chemical reaction)   (1-3) 
2 Mg + 2H+ + 2H2O → 2 Mg2+ + 2 OH- + 2H2 (Overall reaction)   (1-4) 
Mg2+ + 2OH- → Mg(OH)2 (Product formation)     (1-5) 
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Figure 2.1. Corrosion mechanism of pure Mg. a) Metastable protective film forms once 
submerged in aqueous solution, b) Metastable film breaks and corrosion occurs by means of 
electrochemical partial reactions (Eqs. 1-1 and 1-2) and chemical reaction (Eq. 1-3), c) 
Development of areas of localized corrosion leads to d) the undermining and e) the falling out of 
particles of Mg [44] 
The reason why many other metals are corrosion resistant is that those metals, etc. aluminum 
alloys and stainless steel, can form a stable surface film, which can protect them from further 
corrosion. Therefore, corrosion resistance of Mg may be significantly improved if the surface film 
on Mg could be improved by adding alloying elements. However, the challenge is that Mg 
corrosion can also be accelerated by alloying through micro galvanic corrosion. 
Micro galvanic corrosion is one of the biggest obstacles to Mg alloy development. Many Mg 
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alloys have been developed with improved mechanical properties, but few of them have higher 
corrosion resistance than higher purity Mg. To the author’s best knowledge, none of them has been 
proved to solve the fast corrosion problem in biodegradable implant application. One of the most 
important reasons is the accelerated micro galvanic corrosion due to segregation of precipitates in 
alloying system. 
The active nature of Mg means galvanic corrosion is always an issue. As shown in Tab. 2.1, 
Mg is more active than all other listed materials, and consequently Mg becomes the anode and 
corrodes preferentially in any galvanic couple.  
Table 2.1. Standard reduction potential of Mg alloying elements in acidic solution [62] 
Metal Mg Y Nd Gd Al Zr Zn Fe Ni Cu 
Standard 
reduction 
potential 
-2.66 -2.37 -2.28 -2.28 -1.676 -1.55 -0.79 -0.44 -0.26 0.34 
 
Micro galvanic corrosion of Mg occurs once the micro galvanic couple forms. As shown in 
Fig. 2.2, alloying elements in Mg segregate during solidification and form precipitate along grain 
boundary or inside the grain. Such precipitate performs as cathode in the micro galvanic couple 
and facilitate corrosion current generation whenever in contact with Mg, which performs as anode. 
As a result, corrosion currents occurs and corrosion reaction proceed.  
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Figure 2.2. Schematic representation of the micro galvanic corrosion between precipitation (β) 
and primary Mg grains (α). Corrosion currents are generated between primary α/eutectic α and β 
precipitate (a), and subsequent corrosion leads to undermining of and falling out of β precipitates 
2.1.2 Recent process in development of corrosion resistant Mg alloys 
2.1.2.1 Corrosion resistant Rare-Earth-Mg alloys (Mg-RE): WE43 
Many new Mg alloys have been developed to solve the fast-corrosion problem, and among 
them WE43 has been shown to  a better candidate Mg alloy for implant application, because it has 
sufficient mechanical properties and lower corrosion rate than most of other Mg alloys [63].  
WE43 belongs to Rare-Earth-Mg alloys (Mg-RE) and it consists of 3.7~4.3 wt. % of Yttrium 
(Y), 2.4~4.4 wt. % of RE elements (Nd, Gd, etc.) and 0.4 wt. % of Zirconium (Zr). As shown in 
Tab. 1, majority of WE43 alloying elements are RE element, which reduction potentials are most 
close to Mg than any other elements. As a result, micro galvanic corrosion in WE43 is much less 
significant than Mg alloys such as Mg-Al, Mg-Zn and Mg-Ca alloys.  
Recently Coy et.al, Kalb et.al and Valente et.al investigated micro-galvanic corrosion in 
WE43 in order to understand the effects of alloying on corrosion resistance of Mg alloys. Some of 
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their research is summarized in this part, and clinical findings of advantage and limitation of WE43 
as implant material are discussed as well. 
2.1.2.1.1 Microstructural difference between ZE41 and WE43 
Microstructure of Mg-RE alloys, ZE41 and WE43, were observed by scanning electron 
microscopy (SEM), equipped with energy dispersive X-ray (EDX) analysis and backscattered 
electron (BSE) detectors. Fig. 1a shows an optical micrograph of the as-cast ZE41 alloy. The 
microstructure consisted of α-Mg dendrites (matrix) surrounded by a eutectic second phase and 
small precipitates randomly dispersed within the alloy. Local stained areas (black circles) were also 
observed in the core of some α-Mg dendrites. Further, detailed examination by SEM showed that 
the eutectic second phase corresponded to the Τ-phase Mg7Zn3RE), where RE included Ce and La 
elements. Regarding the small precipitates, they were located within the α-Mg dendrites, at the 
grain boundaries and on the Τ-phase (Fig. 1b). SEM/EDX analysis revealed that, in general, the 
precipitates were rich in Zr and Zn (Zr4Zn), with a low content of Fe (about 1.2 at.%). 
  
Figure to be continued in next page 
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Figure 2.3. Microstructural characterization of the as-cast ZE41 alloy: (a) optical micrograph, 
(b) backscattered scanning electron micrograph and (c) scanning electron micrograph with a line-
profile Zr analysis carried out through an α-Mg dendrite.[64] 
Further, the stained areas observed by OM exhibited a high concentration in Zr. EDX line-
profile analysis across the surface confirmed an enrichment in Zr, reaching about 2 at. % Zr in the 
dendrite core (Fig. 2.3c). Conversely, the chemical composition of non-stained areas within the 
matrix was approximately constant, with a Zr content of about 0.24 at. %. Additionally, at the grain 
boundaries where the Τ-phase was absent, the depletion of alloying elements was evident with, for 
example, the Zn and RE contents decreasing from 1.01 to 0.56 at.% and from 0.15 to 0.02 at.%, 
respectively; Zr was not detected. Table 2.2 summarizes the chemical composition in at. % of the 
phases and precipitates present in this alloy, as well as in the remaining alloys. 
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Table 2.2. Chemical composition of the micro-constituent of the alloys studied 
Alloy 
Micro-
constituent 
Chemical composition (at. %) 
  Mg Zn Zr Nd Y 
Other RE 
(La, Ce, 
Gd) 
Fe Si 
ZE41 as-
cast 
α-Mg 98.6 1 0.2 - - 0.2 - - 
α-Mg (Zr) 96.5 1.2 2.1 - - <0.1 - - 
Grain 
boundary 
99.4 0.6 - - - <0.1 - - 
Mg7Zn3RE 72.1 20.4 - - - 7.5 - - 
Zr4Zn  22.2 76.8 - - - 1.2 - 
WE43-T6 
sand-cast 
α-Mg 98.1 - - 0.5 1.4 - - - 
Mg12(RE, Y) 92.3 - - 5.6 1.3 0.8 - - 
Zr-rich 25.6 - 72.6 - - - 1.1 0.7 
Y-rich >1 µm 35.2 - - 3.7 58.8 1.3 - 1 
Optical micrographs of the sand-cast WE43-T6 alloy are shown in Fig. 2.4a and b. The 
microstructure of this alloy consisted of the α-Mg matrix with a second phase segregated at the 
grain boundaries, and spherical precipitates of size about 2–3 μm distributed randomly within the 
matrix (Fig. 2.4a). Increased examination also showed cubic precipitates, with dimensions in the 
range 2–5 μm, preferentially located on and around the second phase (Fig. 2.4b). Further, 
SEM/EDX analysis revealed that the composition of the second phase was 92.3 Mg–6.4 RE–1.3 Y 
(at. %), i.e. Mg12(RE,Y), where RE was mainly Nd, although Gd was also detected. The spherical 
precipitates were rich in Zr (above 70 at. %) with contents of Fe and Ni of about 1.1 and 0.7 at. %, 
respectively. Additionally, the cubic precipitates were rich in Y (about 60 at. %), but also contained 
about 1 at. % Si. Finally, SEM examination also showed the existence of a needle-like phase, 
identified as β-phase (Mg14Nd2Y) (Fig. 2.4c). 
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Figure 2.4. Microstructural characterization of the sand-cast WE43-T6 alloy: (a and b) optical 
micrographs and (c) backscattered scanning electron micrograph.[64] 
2.1.2.1.2 Volta potential difference between ZE41 and WE43 
SKPFM was used to determine the relative Volta potential differences between micro-
constituent phases and the α-Mg matrix, which can be used to estimate the nobility of each micro-
constituent relative to the matrix and, consequently, its corresponding role in potential galvanic 
interactions. This instrument can measure the surface topography and the relative Volta potential 
distribution simultaneously on a line-by-line basis using metal-coated silicon tips that are 
electrically conducting. 
Tab. 2.3 summarizes the Volta potential values for all the micro-constituent phases of the 
alloys studied. Zr-rich precipitates exhibited the highest Volta potential differences with respect to 
the matrix, which might be related to the amounts of residual elements (Fe, Ni, etc.) present in their 
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composition. Thus, according to SKPFM results, these phases should act as the most effective 
cathodes during a potential galvanic corrosion process, with consumption of the adjacent matrix. 
Table 2.3 Volta potential differences of the micro-constituents determined by SKPFM [64] 
Alloy Micro-constituent ΔV (mV) 
ZE41 as-cast 
Grain boundary - 80 ± 5 
T-phase (Mg7Zn3RE) +100 ± 5 
Zr-Zn-rich +180 ±10 
WE43-T6 sand-cast 
Mg12(RE,Y) +25 ± 5 
Zr-rich +170 ± 10 
Y-rich +50 ± 10 
β-phase +15 ± 5 
 
For ZE41, it was found that the T-phase (Mg7Zn3RE) exhibited a relative Volta potential 
difference of about +100 mV with respect to the adjacent matrix. Furthermore, Zr4Zn (with Fe) 
precipitates presented the highest Volta potential difference (about +180 mV) with regard to the 
matrix. Thus, both T-phase and Zr4Zn precipitates are potential cathodes during a micro-galvanic 
corrosion process. According to the electrochemical series, the presence of Zr, Zn and Fe (in 
increasing order of nobility) in the composition of those phases probably enhanced their cathodic 
activities. Conversely, the grain boundaries, which appear clearly defined in the map as the darkest 
zones, represented anodic areas. A line-profile analysis taken through the surface (Fig. 2.5c) 
demonstrated the anodic nature of the grain boundaries, which presented relative Volta potential 
values of about −80 mV compared with the matrix. As a result, these areas might act as effective 
anodes. From previous EDX analysis, it was revealed that these areas experienced depletion of 
alloying elements, which could cause the anodic response measured by SKPFM. 
For sand-cast WE43-T6, it was found that the highest relative Volta potential differences were 
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found between the spherical Zr-rich (also rich in Fe and Si) precipitates and the α-Mg matrix, with 
differences of about +170 mV (Fig. 2.5c). On the other hand, the Y-rich precipitates revealed Volta 
potential differences of about +50 mV. Finally, both the eutectic second phase Mg12(Nd,Y) and β-
phase exhibited the lowest potential differences with respect to the matrix, being about +25 and 
+15 mV, respectively. Both of these phases are expected to have a negligible influence on the 
corrosion process of the alloy, whereas the main galvanic corrosion attack is expected in the vicinity 
of the Zr-rich precipitates. 
  
  
Figure 2.5 SKPFM study of the as-cast ZE41 (a and b) and sand-cast WE43-T6 (c and d) alloy: 
(a) and (c) surface potential map, (b) and (d) line-profile analysis of relative Volta potential through 
an α-Mg dendrite. 
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2.1.2.1.3 Reduced micro galvanic corrosion in WE43 compared with ZE41 
Fig. 2.6b shows the scanning electron micrographs of the corroded surfaces of the as-cast 
ZE41 alloy after immersion in 3.5 wt% NaCl for 60 min. After 60 min of immersion, corrosion was 
clearly visible at most of the grain boundaries. In addition, corrosion was particularly severe at 
some specific regions of the α-Mg matrix, where large amounts of corrosion products were evident 
(white arrowed). According to their studies, also carried out on the ZE41 alloy, after the preferential 
attack of the matrix adjacent to the interdendritic T-phase, Zr-rich interaction zones (including 
regions and precipitates rich in Zr) become the next favorable sites for corrosion. Thus, in these 
zones, small pits initially develop and severe corrosion subsequently occurs. A cross-section, 
obtained from a selected area of the specimen immersed for 60 min showed the existence of a 
continuous magnesium hydroxide layer generated over the surface in the presence of the aqueous 
solution (Fig. 2.6c). Further, corrosion progressed along the grain boundaries, mostly favored by 
the presence of interdendritic Τ-phase, which acted as cathode according to the SKPFM study. As 
a result, the adjacent α-Mg matrix was corroded leaving unaltered the interdendritic phases.  
  
Figure 2.6. SEM/EDX study of the as-cast ZE41 after immersion in 3.5 wt% NaCl solution 
for: (b) 60 min (surface) and (c) 60 min (cross-section). 
The results of the SEM/EDX study of corrosion initiation for the sand-cast WE43-T6 alloy 
are shown in Fig. 2.7. Corrosion was located in particular spot-like areas (white arrows) that are 
randomly present within the matrix. EDX analysis at the center of these spot areas revealed the 
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presence of Zr-rich precipitates. As determined by SKPFM, Zr-rich precipitates exhibited relative 
Volta potential differences of about +180 mV with respect to the magnesium matrix. This 
difference is sufficient to develop significant galvanic coupling, hence favoring the dissolution of 
the matrix. Thus, immersion testing confirmed the prediction obtained by SKPFM. On the other 
hand, the areas adjacent to both the second phase segregated at the grain boundary (Mg12(RE,Y)) 
and the Y-rich precipitates, did not experience significant corrosion attack due to their low Volta 
potential differences. Further, cross-section micrographs obtained from a selected area of the 
specimen that had been immersed for 60 min confirmed the above exposed (Fig. 2.7c and d). The 
spot-like areas result from localized corrosion by galvanic coupling between Zr-rich precipitates 
and the adjacent matrix (Fig. 2.7c). Further, the corroded surface was covered by a thin, continuous 
and uniform layer of Mg(OH)2 that was only disrupted by the presence of (Mg12(RE,Y)) 
precipitates, which did not show a significant micro-galvanic effect (Fig. 10d). 
 
Figure 2.7. SEM/EDX study of the sand-cast WE43-T6 after immersion in 3.5 wt% NaCl 
solution for:  (b) 60 min (surface) and (c and d) 60 min (cross-section). [64] 
2.1.2.1.4 Evidence of galvanic corrosion by RE-containing phases in WE43 
Coy et.al concluded that all RE-containing phases in WE43 presented positive Volta potential 
differences relative to the matrix, indicating cathodic behavior. However, the differences were 
negligible when compared with the Zr-rich precipitates, and no evidence of galvanic corrosion 
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attack was observed. On the other hand, in spite of the relatively higher Volta potential difference 
measured for the Y-rich precipitates, they also did not apparently promote galvanic corrosion under 
the conditions studied [64]. 
Finds from Kalb et.al were similar to those from Coy et.al and they both agreed that cathodic 
effect of Zr-rich particles was rather significant and it could trigger micro galvanic corrosion in a 
few minutes, provided that WE43 is in contact with corrosive solution [65]. However, typical 
feature of micro galvanic corrosion could be observed in a long term immersion test up to 120mins. 
Arrows pointed some volcano-shaped corrosion morphology, and it seemed that there were large 
RE precipitates, which showed bright color in BSD images (Fig. 2.8). 
 
Figure 2.8. Cross-sections of extruded WE43 exposed to 100 ml of SBF for 30, 60 and 120 
min, showing the temporal evolution of corrosion layer formation and bulk material erosion (BSD 
images) [65] 
In addition to results from Kalb et.al, micro galvanic corrosion of WE43 was observed by 
Micro galvanic corrosion 
Micro galvanic corrosion 
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Valente et.al [66]. As shown in Fig. 2.9, grain boundary of as-cast WE43-T6 consisted eutectic 
phase, which is a mixture of Mg and RE precipitates. It was found that corrosion preferentially 
occurred at grain boundary and anodic Mg dissolved, probably due to micro galvanic corrosion 
between Mg and RE precipitates. 
  
Figure 2.9. Grain boundary of as-cast WE43-T6 before (a) and after (b) salt fog corrosion (8 
weeks) [66] 
In a simplified Mg-Y binary alloy system, it was found by Atrens et.al that Y having two 
influences: (i) the Y-containing intermetallic can cause micro-galvanic corrosion acceleration, and 
(ii) Y in the surface layer can increase the protectiveness of the surface [67]. Similar micro galvanic 
corrosion effect was found in Mg-Dy binary alloys system as well [68]. 
As shown in Fig. 2.10, corrosion rate of Mg-Y in Cl- containing solution increased with higher 
Y content. The negative electrochemical potential of the element Y [12], equal to that of the element 
Mg, indicates that elemental Y would not cause micro-galvanic corrosion of the Mg matrix. 
However, in Mg-Y binary alloy, Y is precipitated as the Y-rich intermetallic (expected to be 
Mg24Y5). Precipitation of the Y-containing intermetallic leads to micro-galvanic corrosion and can 
lead to an increased corrosion rate. Although, the redox potentials of both elements are similar, Y 
is thermodynamically stable in slightly alkaline solution at lower pHs and lower potentials than Mg. 
If Y-containing intermetallics passivate better than the matrix, they can become nobler and generate 
a b 
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the observed micro-galvanic effect. 
 
Figure 2.10. Typical SEM images show the appearance of the Mg–Y alloys after corrosion in 
0.1 M NaCl 
It was found that the electrolyte determined which of these two possible effects predominates: 
micro-galvanic corrosion or protective film formation. Fig. 2.11 shows that, in 0.1 M NaCl, the 
corrosion rate of the Mg–Y binary alloys increased with increasing Y content. The two-phase 
microstructure consisted of the Y-containing intermetallic and a matrix containing increasing 
amounts of Y. Although there was Y in the surface layer, this film was too weak to prevent 
penetration by Cl– ions. The increase in the corrosion rate with increasing Y content is attributed to 
the acceleration by micro-galvanic corrosion caused by an increasing volume fraction of Mg–Y 
intermetallic. 
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Figure 2.11. Average corrosion rate of the Mg–Y alloys as a function of yttrium content [67] 
In summary, there are two possible effects of adding alloying elements in Mg. The beneficial 
effect is that alloying elements may facilitate formation of protective film on Mg, while the 
detrimental effect is that intermetallic precipitates containing alloying elements may cause micro-
galvanic corrosion. Among all alloying elements, RE elements have lowest tendency to induce 
sever micro galvanic corrosion by forming galvanic couple with Mg. The reason is that most 
alloying elements (Al, Zn, Zr, etc.) segregate and form precipitates, which have high Volta potential 
(corrosion potential/ reduction potential) difference from Mg matrix, thus may generate large 
corrosion current and trigger significant galvanic corrosion in a few minutes. In contrast, micro 
galvanic corrosion induced by RE-precipitates is much less significant due to smaller Volta 
potential difference from Mg matrix. Therefore, in Mg-RE alloy system, detrimental effect from 
micro galvanic corrosion is much less significant than most other alloy systems, while protective 
film can still be developed on Mg. 
2.1.3 Magnesium nanocomposites 
As discussed above, one of the biggest obstacles to Mg alloy development is the two 
conflicting effects of adding alloying element in Mg. The beneficial effect is that alloying elements 
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may facilitate formation of protective film on Mg, while the detrimental effect is that intermetallic 
precipitates containing alloying elements may cause micro-galvanic corrosion.  
It has been acknowledged that WE43 is more corrosion resistant in human body environment 
than most of other Mg alloys, because RE elements have lowest tendency to induce severe micro 
galvanic corrosion by forming galvanic couple with Mg. Therefore, in Mg-RE alloy system, 
detrimental effect from micro galvanic corrosion is much less significant than most other alloy 
systems, while protective film can still be developed on Mg. 
This indicates that corrosion resistance of Mg may be greatly improved if protective film can 
be formed, while micro galvanic corrosion is eliminated in the same time. One promising approach 
for enhancing the bulk corrosion resistance of Mg is to create a metal-matrix nanocomposite by 
introducing biocompatible nano-sized corrosion inhibitors in the Mg matrix. Recent progress in 
Mg nanocomposites has shown some very promising potential of a novel strategy, where 
nanoparticles is utilized as an effective ingredient to facilitate protective film formation, without 
inducing micro galvanic corrosion in Mg.  
2.1.3.1 Advantages of Mg nanocomposites 
Recent studies [69-72] showed that phosphate nanoparticles (especially CaP) and rare-earth 
salts are good corrosion inhibitors for Mg because they do not transfer electrons and inhibit galvanic 
corrosion. Moreover, it has been found that an ion-exchange reaction between nanoparticles and 
surrounding medium results in the formation of a carbonate apatite layer, which may effectively 
protect Mg from corrosion [69, 73-75].  
Inclusion of anodic inhibitors in the Mg matrix is a versatile technique for improving the 
corrosion resistance of Mg since there are a number of possible inhibitors available, including 
tungstate, chromates, phosphate, borates, silicates, and benzoates [76]. From the medical point of 
view, phosphates are especially attractive since a few natural materials in human body are calcium 
phosphates and their complexes (including HA and CaHP) [69, 71]. If well dispersed, CaP 
nanoparticles can form barriers into Mg matrix to impede electron transfer from one single Mg 
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phase to another, and thus provide an extra resistance between the α-Mg phase and other phases 
[77]. This could effectively decrease the driving force for micro-galvanic corrosion, and therefore 
restrain the corrosion reaction of Mg matrix and decrease the corrosion rate.  
Razavi et.al prepared AZ91-FA (with 10 wt.%, 20 wt.%, and 30 wt.% of FA) nanocomposites 
were produced by AZ91 magnesium alloy powders and FA ((Ca10(PO4)6F2 )) nano-particles using 
a blend-press-sinter powder metallurgy (PM) method. Results showed that the AZ91-FA 
nanocomposites presented increased corrosion resistance compared to the AZ91 magnesium alloy 
and the corrosion resistance of the AZ91-FA nanocomposites increased with an increase in FA 
content [78, 79].  
Improved protective film (calcium magnesium phosphate) formation on AZ91-FA 
nanocomposites (Fig. 2.12) may be due to several reasons. First, the FA nano-particles are thought 
to provide favorable sites for the calcium magnesium phosphate nucleation [80]. Consequently, 
lots of the calcium magnesium phosphate nuclei are formed on the corrosion product layer of the 
AZ91-FA nanocomposites and then the calcium magnesium phosphate will grow spontaneously by 
consuming the calcium and phosphate from the surrounding medium [81]. Second, this may be 
attributed to a reduced rate of corrosion, as the composite decreases the amount of direct contact 
with the SBF solution [82]. In addition, large amounts of magnesium ion released during corrosion 
of the AZ91 magnesium alloy possibly inactivate phosphate formation [83], thereby resulting in 
less the calcium magnesium phosphate formation around the AZ91 magnesium alloy if compared 
to the AZ91-FA nanocomposites. Thus, the high levels of the calcium magnesium phosphate 
formation on the AZ91-FA nanocomposites may be explained by operating the FA nano-particles 
as nucleation sites for the phosphate formation on the surface of the AZ91-FA nanocomposites. 
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Figure 2.12. SEM photomicrographs of (a) AZ91 magnesium alloy, (b) AZ91-10FA, (c) AZ91-
20FA, and (d) AZ91-30FA nanocomposites after 72 h immersion time in SBF solution [78] 
The limitation of this approach is that with the increase of the FA content in the AZ91-FA 
nanocomposites, the ductility decreased. Many biomedical implants require good or excellent 
ductility for machinability or functionality reason. Moreover, it was indicated that a high loading 
of CaP nanoparticles (>30%) is needed to reach an acceptable level of corrosion reduction for a 6-
month-use in body fluids [70, 84, 85]. The need for such large particle loading may be attributed 
to the Mg material presented between nanoparticles, creating a path for corrosion. The inclusion of 
a high loading of nanoparticles in a potential Mg implant is not desired, because CaP nanoparticles 
degrade at a slower rate [86-88] and they will be precipitated into the surrounding body fluid. Once 
nanoparticles accumulated locally at high doses, potential problems such as vascular clogging could 
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result and sometimes could be lethal in cardiovascular applications [89-91]. Therefore, Mg 
composites with low nanoparticle loading and sufficient ductility are yet to be developed. 
2.1.3.2 Selection of nanoparticles: Nano-diamond (ND) 
ND particles (Tab. 2.4) with sizes between 2 and 10 nm have been synthesized by various 
techniques [92] including detonation, laser ablation, high-energy ball milling, plasma-assisted 
CVD and ion/electron irradiation. Especially, detonated ND nanoparticles are available in large 
quantities and represent a new class of relatively inexpensive carbon nanomaterial with a broad 
range of potential applications. The detonation process was previously developed in the USSR in 
the 1960s [93], but it remained essentially unknown to the Western World until recently. In the late 
1990s, a number of breakthroughs on purification and functionalization of ND led to wider interest 
in these particles. A variety of wet [94, 95] and gas [96] chemistry techniques have already been 
developed to tailor the properties of ND particles for use in composites [97-100] and also for 
applications such as attachment of drug and biomolecules [101-103]. Additionally, in vitro and in 
vivo studies have been conducted to examine the biological characteristic of ND particles as diverse 
as cell viability, gene program activity, and in vivo mechanistic and physiological behavior [98, 
104-108]. These studies generally reported that ND particles are biocompatible and cause minimal 
cell cytotoxicity. Essentially, ND is considered the most biocompatible material among all known 
carbon derived nanomaterials.  
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Table 2.4. Physical properties of ND [109] 
Mean Crystal Size 
4–8 nanometers 
(0.004 - 0.008 microns) 
Aggregate size 
20–50 nanometer 
(0.02 – 0.05 microns) 
Specific Surface 300 m2/g 
Density 3.1 – 3.2 g/cm3 
Bulk Weight 0.4 – 0.6 g/cm3 
Lattice Constant 
0.3573+0.0005 
nanometers 
Air Oxidation Starting Temperature 450°C 
Vacuum Graphitization Starting 
Temperature 
1100°C 
 
ND can be used as a new corrosion inhibiting material for Mg alloys. This is supported by the 
promising previous study where ND induced rapid deposition of CaP (confirmed by infrared 
spectroscopy) from simulated body fluids (SBF) [74]. It is speculated that the functional groups on 
ND favorably interacted with the calcium cation in the SBF which in turn attracted the phosphate 
anion, as illustrated in Fig. 2.13. Recently, Pramatarova et al. [110] also found that ND with slightly 
acidic hydroxyl groups caused vigorous nucleation and growth of CaP from SBF. Since CaP is a 
known corrosion inhibiting material and represents an essential ingredient in the bone, we therefore 
hypothesize that ND particles with suitable surface chemistry can serve as an effective corrosion-
resistant nanofiller to Mg alloy. This hypothesis will be carefully tested through thoughtful design 
of experiments and in-depth materials characterization. The surface of detonated ND is initially 
terminated with a variety of groups including OH, COOH and C=O groups [111-113]. Known 
procedures represented by Scheme 1 for refining functional groups will be followed to produce ND 
with COOH rich or OH rich terminations. If necessary, other methods will be used for selective 
functionalization of ND to create an optimal surface for CaP nucleation and growth. The 
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precipitated material will be characterized using Fourier Transform Infrared Spectroscopy (FTIR) 
and other molecular characterization techniques.  
 
 
 
Figure 2.13. Functionalization of ND to create COOH (top) or OH (bottom) terminated 
surfaces (Adapted from unpublished article by Prof. D. Yao in 2012) 
Compared with Mg/CaP nanocomposites that rely on a large quantity of CaP for improving 
corrosion resistance, the proposed approach using ND as a seed for CaP holds a new promise for 
generating corrosion resistant Mg composites with significantly lower nanoparticle loading. There 
are several unique characteristics of ND making it suitable for serving as a nucleating site. First, 
the surface of ND can be easily functionalized to render the necessary chemistry for mineralization. 
Second, ND particles can be refined within a small size range between 2 and 10 nm, while the size 
of commercial CaP nanoparticles varies from 20 to a few hundred nanometers. Further, CaP 
particles are typically a mixture containing HA, CaHP and beta-tricalcium phosphate having 
different crystalline structures. Therefore, ND particles with richer chemistry, smaller size and well 
defined crystalline structure may serve as a more reliable nucleating agent for generation of a denser 
CaP passivation layer. In the proposed research, we will compare CaP derived nanoparticles with 
functionalized ND particles regarding their different roles in mineralization and their effectiveness 
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as a corrosion inhibiting additive for Mg nanocomposites. 
2.1.3.3 Selection of nanoparticles: Nano-Cerium Oxide (CeO2) 
Among several alternatives which have already been investigated, cerium has been recognized 
as an effective inhibitor since 1984 [114] and most authors agree with the fact that it is more 
precisely a cathodic inhibitor [115, 116]. Specifically CeO2 nanoparticles (Fig. 2.14) have been 
successfully used to produce an effective corrosion protection coating on Mg and Al alloys for 
about ten years. Some of the physical properties of CeO2 were shown in Fig. 1 [117]. 
 
Figure 2.14. Physical properties of Cerium Oxide nanoparticles (From Wikipedia) 
Phani et.al investigated the corrosion resistance of Mg alloys pre-treated with sol-gel coatings 
containing ZrO2 and CeO2 nanoparticles was investigated. It was reported that the CeO2 component 
provides enhanced corrosion protection, while ZrO2 improves wear resistance [118].  
One important feature of a CeO2 layer deposited on an oxidizable metal is its ability to “self-
heal” when corrosion occurs. This interesting behavior could be attributed to the interconversion 
of Ce3+ and Ce(OH)22+ ions which is possible in an aqueous solution following the Pourbaix 
diagram [119, 120] (Fig. 2.15). The proposed mechanism can be described as follows [121]: the 
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slight solubility of CeO2·2H2O allows the formation of Ce(OH)22+ ions in solution which can 
diffuse reaching local defects. When in contact with the bare oxidizable metal these ions then 
reduce to Ce3+ and precipitate as Ce(OH)3 allowing sealing of the layer. This precipitation process 
stifles corrosion. If portions of the reprecipitated Ce are not in direct contact with the reducing 
metal substrate, it is possible under continued or renewed solution contact for Ce3+ oxides to be 
oxidized and re-dissolved by an oxygenated solution (IV to II). This would have the effect of 
renewing the inhibitor cycle. While operation of this cycle has not yet been demonstrated to 
preserve corrosion resistance, the XPS data in Fig. 2.16 clearly indicate that the Ce3+/Ce4+ redox 
reaction is dynamic, and facile in both directions. 
  
Figure 2.15. Pourbaix diagram for Ce illustrating mechanism of the CeO2 inhibitor. I-II: 
dissolution of Ce oxides. II-III: reduction of soluble Ce4+ by bare metal at defects. III-IV: 
precipitation of Ce3+ at alkaline local cathodes. IV-II: reoxidation of Ce not in direct contact with 
Al by dissolved oxygen in solution [121] 
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Figure 2.16. XPS data on Ce(III)- and Ce(IV)- coated Al alloy (2024-T3). The topmost figure 
shows the spectrum for Ce(III), while the bottommost figure shows the spectrum from Ce(IV). 
Coatings of each type were subjected to salt spray exposure for 168 h, and the post-exposure spectra  
for  each  coating  are  shown  in  the  middle figure [121] 
Stoychev et.al found that CeO2 and Ce2O3 improve the anodic passivation behavior of 
stainless steels , causing a strong shift of the potential towards the anodic direction. The trends 
observed in the anodic curves indicates that the presence of CeO2 nanoparticles promotes the 
formation of a more stable and more protective surface film [122]. 
The comparison of the measured steady state corrosion potentials (Est) of SS/Ce2O3–
CeO2 samples (Est = + 0.067 V) with the corresponding values for SS shows that the presence of 
the Ce2O3–CeO2 layer causes a shift of Est with about 150 mV in the positive direction. The strong 
shift of the steady state corrosion resistance potentials (dotted lines in Fig. 2.17 a, b) in the positive 
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direction (the zone of stable passivity) is an indication that in the real corrosion systems the 
corrosion process will occur under the conditions of anodic control. This means that the formation 
of a Ce2O3–CeO2 layer on SS would shift the corrosion process from the zone of mixed control 
(water reduction and metal oxidation) to the zone of stable passivity. 
 
Figure 2.17. Potentiodynamic E–lg i curves (and i–E curves of scans 1, 2 and 3, inserted in 
the Figure) of SS (a) and the SS/Ce2O3–CeO2 system (b) in 0.1 N HNO3 [122] 
2.1.4 Zinc 
2.1.4.1 Recent finding of Zinc alloys as biodegradable materials 
Two recently published research papers showed that Zinc (Zn), as a more noble metal 
compared to Mg, can offer significant higher corrosion resistance without compromising 
mechanical integrity and biocompatibility [57, 123].  
Vojtech et al. investigated mechanical and corrosion properties of as-cast ZnMg alloys with 
Mg ranging from 0.5 to 3 wt% (weight percentage) [123]. It was found that corrosion rate of ZnMg 
alloy was much lower than that of Mg alloy and it did not change significantly with various Mg 
percentages. As shown in Fig. 2.18, the corrosion rates of all of the zinc alloys investigated are 
significantly lower compared with those of the Mg and AZ91HP alloys. The former alloys corrode 
at rates of the order of tens of microns per year, while the corrosion rates of the latter are of the 
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order of hundreds of microns per year (Fig. 2.18). This difference is in accordance with the fact 
that zinc is more noble in nature than magnesium. The standard potentials of zinc and magnesium 
are –0.762 and –2.372 V (versus SHE), respectively [124]. The corrosion potentials measured in 
SBF are higher for the Zn-based alloys than for the Mg-based alloys by about 0.5–0.7 V (Fig. 2.19) 
 
Figure 2.18.Corrosion rates in SBF at three pH values obtained from the immersion tests [123] 
 
Figure 2.19. Potentiodynamic curves for the investigated alloys measured in SBF at pH 7 [123] 
Their strength and elongation reached around 150 MPa and 1.8% respectively when adding 
Mg up to 1wt%, but then dropped if adding Mg more than 1wt%, probably due to excessive amount 
of intermetallic phases. As shown in Fig. 2.20, ultimate strength of the Zn–Mg alloys increases up 
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to approximately 1% of Mg and then decreases at higher magnesium concentrations. The purely 
eutectic ZnMg3 alloy shows a low strength similar to that of the pure Zn. This low strength can be 
attributed to the high volume fraction of the brittle eutectic in the ZnMg3 alloy and to the coarse 
grained structure of both materials (Fig. 2.20a and d). In both cases the fracture crack growth 
resistance is low. Due to the presence of the fine primary Zn dendrites and eutectic network in the 
ZnMg1 and ZnMg1.5 alloys (Fig. 2.20b and c) the resistance to the fracture increases. Both the fine 
grains and the hard network represent barriers to the growing crack. The optimum volume fractions 
of both structural components correspond to the ZnMg1 alloy, which achieves the maximum UTS 
of approximately 150 MPa. At higher magnesium concentrations the brittle eutectic mixture 
occupies a larger volume in the alloy and, therefore, the fracture occurs more readily. 
 
Figure 2.20. Mechanical properties of the Zn–Mg alloys versus Mg content (average values 
were obtained from three measurements) [123] 
Bowen et.al [57] investigated corrosion behavior of pure Zn wire samples by implanting them 
in the abdominal aorta of a Sprague–Dawley rat for 1.5, 3, 4.5, or 6 months. The degradation 
behavior of the zinc wires was elucidated by creating a series of cross sections from each sample. 
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As shown in Fig. 2.21, the remaining metallic zinc is visible as a bright feature in the center, 
surrounded (successively) by corrosion product, tissue, and epoxy. The wires that remained in the 
biological milieu for 1.5 and 3 months showed signs of relatively uniform corrosion. The remaining 
metallic cores of both explants had ragged edges in cross section, which are posited to correspond 
to the removal of material by semilocalized dissolution. After 4.5 and 6 months in vivo, the shallow, 
evenly distributed features yielded to relatively severe, localized corrosion. Some locations 
appeared to be heavily attacked at 4.5 months, as in Fig. 2.21. Similar behavior was observed at 6 
months. In all cases, tissue adhered preferentially to points of localized attack. A limited amount of 
microscale corrosion particulate was firmly embedded in the still-attached arterial tissue 
surrounding the metallic zinc core. Early indications are that the critical aspects of biocorrosion- 
the rate of penetration and the immediate effects of generated products- satisfy the requirements 
for stent application. 
 
Figure 2.21.  Representative backscattered electron images from zinc explant cross sections 
after 1.5, 3, 4.5, and 6 months’ time in vivo [57] 
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2.1.4.2 Limitations of current as-cast Zn-Mg alloy 
The mechanical properties and corrosion uniformity of as-cast Zn-Mg alloy remain as a 
concern, although its corrosion resistance was considered as excellent for implant applications. For 
example, elongation of as-cast Zn-Mg alloy was about 1.8% at maximum when adding 1wt% of 
Mg, but normally such low elongation would be considered as insufficient ductility for orthopedic 
implants and stent application. Moreover, Mg as a fast-corroding metal might cause non-uniform 
corrosion in Zn-Mg alloy, since as-cast alloy has inherent non-uniform microstructure. 
Unfortunately, up to now, there are no research papers published to report methods of improving 
mechanical properties and corrosion uniformity of Zn-Mg alloy. 
2.1.4.3 Zinc phase diagram and Zinc alloy design 
Most commercial available Zn alloys contain large amount of toxic elements such as 
Aluminum (Al), which is not suitable for biodegradable implants. Besides Al, magnesium and 
copper are comely used alloying elements for Zn alloy.  
Magnesium is added primarily to minimize susceptibility to intergranular corrosion caused by 
the presence of impurities. Magnesium is an excellent candidate alloying element for Zn, because 
Mg is well recognized as a biocompatible element. However, excessive amounts of magnesium 
lower the fluidity of the melt, promote hot tear cracking, increase hardness, and decrease elongation. 
Mg content is normally controlled below 0.1 wt. % to avoid those negative effects [125]. 
As shown in Zn-Mg phase diagram (Fig. 2.22), solid solubility of Mg is Zinc is lower as 
0.01wt%, and Mg2Zn11 intermetallic phase forms even at small amount addition of Mg. Eutectic 
point corresponds to about 3wt% of Mg, thus Mg concentration must be lower than 3wt%, 
otherwise Zn-Mg alloy will mainly contain brittle intermetallic phases. Even so, one should 
consider that strengthening by addition of Mg more than 0.01wt% will sacrifice tensile elongation, 
which must be higher than 10% to ensure sufficient machinability. It is thus proposed that optimal 
Mg concentration falls in between 0.01wt% and 3wt%, and accurate alloy design must consider 
both yield strength and tensile elongation. 
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Figure 2.22 Phase diagram of Zn and Mg 
In addition, Copper (Cu) is also one of the most commonly used micro-alloying element for 
Zn alloy. Copper, like magnesium, minimizes the undesirable effects of impurities and, to a smaller 
extent, increases the hardness and strength of the castings. Zn-Cu phase diagram is shown in Fig. 
2.23, and solid solubility of Cu in Zn approximately 3 wt. % [126]. Previous research found that 
castings containing more than 1.25% Cu are less dimensionally stable than those with less copper. 
Keeping copper content above the lower limit (0.75 wt. %) ensures the high tensile and hardness 
values shown, while keeping the copper content below the upper limit (1.25 wt. %) indicated for 
each alloy ensures that aging changes in the castings at room temperature will be minimized [125]. 
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Figure 2.23. Phase diagram of Cu and Zn [126] 
2.2 Manufacture processes of biodegradable metallic materials 
2.2.1 Casting 
Casting is a process with long history and it’s essential in forming solid ingots or billets of 
metals for further processing, but moreover, a wide variety of casting processes are used in the 
production of finished or semi-finished components [127].  
During casting process, complex alloys can be easily achieved by mixing various metallic 
elements and their physical properties can be adjusted by adjusting alloying formula (Fig. 2.24). In 
addition, casting allows the production of complex shapes, without the need to introduce 
weaknesses when joining separate pieces, and is conservative of material compared with machining 
or cutting a shape from a large piece of metal [127]. 
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Figure 2.24. Schematic of casting process (sand casting) [128] 
2.2.2 Powder metallurgy process 
The ISO definition of the term reads: “The thermal treatment of a powder or compact at a 
temperature below the melting point of the main constituent, for the purpose of increasing its 
strength by bonding together of the particles.” 
There are four discrete stages of sintering. The first stage, graphically represented at the far 
left of Figure 2.25, is the point contact between adjacent powder particles. The next stage is termed 
the initial stage, where necks are beginning to form between particles and pores are collapsing. In 
the intermediate stage, the necks continue to grow and pores shrink further, but there is still a 
definite grain boundary between the original powder particles. In the final stage, these boundaries 
disappear and the particles become a homogenous body [129]. 
 
Figure 2.25. Four stages of sintering [130] 
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2.2.2.1 Powder mixing process 
To produce Magnesium nanocomposites, nanoparticles could be distributed in metal matrixes 
by mixing or milling (Fig. 2.26) of micro-scaled metal powder with nanoscaled particles followed 
by hot consolidation of the composite [82, 131]. One advantage of the milling technique which is 
also widely employed for mechanical alloying is that from the beginning of the processing the 
reinforcing ceramic phase is already of nanosize. Besides incorporation of the ceramic 
nanoparticles in the matrix, the milling induces a nanocrystalline matrix, which will at least partly 
be stabilized against grain growth by the second phase [131]. 
 
Figure 2.26. Schematic of ball milling mixing process [132] 
2.2.2.2 Compressing and sintering methods 
Research by Burke [129] showed that the presence of oxides, carbonates and hydroxides in 
green samples (compacted and un-sintered samples). Carbonates and hydroxides of magnesium  
were  concentrated  at  the  surface  of  the  layer,  followed  by  a  majority  of oxides, then pure 
magnesium. After sintering the samples contained only magnesium and magnesium  oxide,  
indicating  that  the  decomposition  reactions  of  the  hydroxide  and carbonate had taken place. 
The oxide layer (Fig. 2.27) formed on Mg powders during processing acts as a barrier to 
diffusion and sintering. As a result, Mg particles were weakly bonded to each other, and this 
sacrificed Mg sample’s properties, such as ductility, strength and corrosion properties.  
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Figure 2.27. TEM micrograph of the as received Mg powder showing the surface layer formed 
on a single particle [129] 
Compressing and sintering methods could significantly affect particle bonding in Mg parts.  
Burke found that magnesium powder produced by atomization is superior to powder produced by 
grinding. The  main  advantage  of  the  atomized  powder  is  the  much  lower  oxygen  content. 
Compaction  by  cold  isostatic  pressing (CIP) was  found  to  produce  better  properties  at 
comparable  pressures  to  uni-axially  compacted  samples.  Increased  sintering  time  and 
temperature  also  improved  properties  of  the  atomized  CIP  samples.  Extended sintering times 
of 6 hours lead to further improvement.  It was found that cold and hot working of sintered 
magnesium P/M samples lead to large increases in density and especially hardness. Cold working 
of the samples collapses porosity and breaks and remaining intact surface layer, and improved 
interparticle bonding is realized. This  effect  is  increased  with  hot  working,  were  increased  
temperatures  lead  to recrystallization and further bonding [129]. 
In addition, Spark plasma sintering (SPS) or pulsed electric current sintering (PECS) is a novel 
sintering technique which can improve particle bonding during sintering. This technique utilizes 
uniaxial force and a pulsed (on-off) direct electrical current (DC) under low atmospheric pressure 
to perform high speed consolidation of the powder [133]. 
As shown in Fig. 2.28, the spark plasma sintering process proceeds through three stages [133]: 
1) Plasma heating: The electrical discharge between powder particles results in localized and 
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momentary heating of the particles surfaces up to several thousands ºC. 2) Joule heating: At this 
stage the pulsed DC electrical current flows from particle to particle through the necks connecting 
them. The joule heat is generated by the electrical current. The joule heat increases the diffusion of 
the atoms/molecules in the necks enhancing their growth. 3) Plastic deformation: The heated 
material becomes softer and it exerts plastic deformation under the uniaxial force. Plastic 
deformation combined with diffusion result in the densification of the powder compact to over 99% 
of its theoretical density. 
 
Figure 2.28. Schematic of Spark plasma sintering (SPS) process [133] 
2.2.3 Ultrasonic processing 
Several fabrication methods, such as mechanical stir casting [134, 135], powder 
metallurgy [82, 136, 137] and squeeze casting [138], have been developed, to uniformly disperse 
nanoparticle in metal matrix, and produce Magnesium nanocomposites. Previous studies have 
proved that high-intensity ultrasonic waves with strong transient cavitations and acoustic streaming 
could distribute and disperse nanoparticles into metal melts successfully, and have used this 
solidification nanoprocessing technology to produce high-performance nanoparticles reinforced 
MMNCs [139] (Fig. 2.29). 
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Figure 2.29. Schematic of experimental set-up for ultrasonic processing [139] 
The mechanism is explained in details by Li et.al [140] (Fig. 2.30). High-intensity ultrasonic 
waves are especially useful in that they generate some important non-linear effects in liquids, 
namely transient cavitation and acoustic streaming [141], which are mostly responsible for benefits 
including refining microstructures, degassing of liquid metals for reduced porosity, and dispersive 
effects for homogenizing [142]. Acoustic streaming, a liquid flow due to acoustic pressure gradient, 
is very effective for stirring [143]. Acoustic cavitation involves the formation, growth, pulsating, 
and collapsing of tiny bubbles in liquid under cyclic high-intensity ultrasonic waves (thousands of 
micro bubbles will be formed, expanding during the negative pressure cycle and collapsing during 
the positive pressure cycle). By the end of one cavitation cycle, the tiny bubbles implosively 
collapse (in less than 10-6s), producing transient (in the order of microseconds) micro “hot spots” 
that can reach temperatures of about 5000◦C, pressures of about 1000 atm, and heating and cooling 
rates above 1010K/S [144]. Transient cavitations could produce an implosive impact, which could 
be strong enough to break up the clustered fine particles to disperse them more uniformly in liquids. 
The strong impact coupling with local transient high temperatures could enhance the wettability 
between metal melts and particles significantly.  
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Figure 2.30. Schematic of the cavitation and streaming effects for nanoparticle dispersion and 
wetting in metal melts [140] 
2.2.4 Extrusion 
Extrusion is commonly used to refine grain structure of as-cast alloys and produce parts with 
defined cross-section shape. As shown in Fig. 2.31, in extrusion process, metal ingot is forced from 
an enclosed cavity via a die opening by a compressive force applied by a press. Since there are no 
tensile forces, large deformation is possible without the risk of fracturing the ingot. The cross-
sectional area of extruded part is reduced and defined by die opening. In addition, extruded part has 
a good surface finish so that further machining is not needed. Extrusion products include rods and 
tubes with varying degrees of complexity in cross-section [145]. 
 
Figure 2.31. Schematic of extrusion process (hot extrusion) [145] 
Hot extrusion is carried out at a temperature T of approximately 0.6Tm (melting temperature) 
and the pressures required range from 35 to 700 MPa. Under these demanding conditions, a 
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lubricant is required to protect the die. Oil and graphite lubricants function well at temperatures up 
to 150°C, but borate glass or hexagonal boron nitride powders are favored at higher temperatures 
where carbon-based lubricants oxidize [145]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
50 
 
Chapter 3 Experimental design and procedures 
3.1 Powder metallurgy processing 
3.1.1 Effect of ball milling time and ball size on mixing efficiency 
Ball milling time and milling ball size may greatly affect mixing results, such as powder 
morphology and mixing uniformity. There are some general patterns, but it’s difficult to predict 
exact effects since there were no such studies reported in literature. To investigate these effects, 
various milling time and three types of ZrO3 milling balls are tested to mix sphere shaped Mg 
powder (< 100 µm, TangShan WeiHao Magnesium Powder Co., Ltd, China) with ND, and to find 
out effect of ball milling time and ball size on mixing efficiency. Milling times were selected as 2 
h and 6 h based on preliminary study. Three types of Zr milling balls are: Type 1: 100g of 10  mm-
diameter ZrO3 milling ball (marked as 10L); Type 2: 50g of 10mm-diameter and 50g of 2mm-
diameter ZrO3 milling ball (marked as 5L5S); Type 3: 100g of 2 mm-diameter ZrO3 milling ball 
(marked as 10S).  
3.1.2 Evaluation of pressured sintering technique under vacuum 
The goal of this experiment is to test the effects of sintering pressure on Mg parts quality. It 
was believed that Mg corrosion resistance may depend on density and grain bonding of the sintered 
Mg parts. Mg powder was cold compacted at the pressure of 1GPa to make green compact (samples 
before sintering). Hot pressing process was used to sinter green compact at 350℃ in a special 
vacuum die for 30 min. The applied pressure during sintering was 1GPa. Some samples were 
sintered for the second time in tube furnace at 600 ℃ for 30 min. Samples prepared through 
pressured sintering under vacuum were compared with those through tube furnace sintering. 
3.1.3 Evaluation of sparking plasma sintering (SPS) 
WE43 samples sintered through SPS were kindly provided by Quad Cities Manufacturing 
Laboratory. Sintering was performed at 50 MPa and 340 ℃ for 7 to 8 min. Residual air pressure in 
the furnace was lower than 10 Pa. Samples prepared through SPS were compared with those 
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through tube furnace sintering. 
3.1.4 Preparation of Mg-ND and Zn-ND through powder metallurgy processing 
Mg powder (<50um, purity > 99.8%, Alfa Aesar, USA) was firstly mixed with nano-diamond 
(ND) particles (<10nm, Zhonglian Nanotech, China) through ball milling process for 16 h. ZrO3 
milling balls with diameters of 2 and 10 mm were used. Ball: Powder mass ratio was 5:1. The 
mixture was subsequently cold compacted at the pressure of 1 GPa (Fig 3.1), and sintered at 600 
C for 30 min under argon protection. Samples were cooled down in furnace. 
Following similar route, Zinc powder (diameter <100µm, 99.9% purity, Horsehead 
Corporation, USA) was mixed with ND particles, and then cold compacted at the pressure of 1 GPa, 
and sintered at 360C for 30 min under argon protection. Samples were cooled down in furnace. 
 
Figure 3.1 Powder compaction process using hydraulic press 
3.2 Preparation of Mg-CeO2 through ultrasonic processing 
Fig. 3.2 shows schematic of the high energy ultrasonic processing platform. During this 
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process, high purity Mg (99.95%, American Elements, USA) was firstly melted at 700 °C in 
electrical furnace. A titanium probe was then dipped into the melt to create high-intensity 
ultrasonication, break down CeO2 (<50 nm, 99.95% purity, Sigma-Aldrich, USA) agglomeration, 
and uniformly disperse CeO2 in Mg matrix. As shown in Fig. 3.1, the high frequency signal was 
generated by the ultrasonication generator and transduced to a titanium probe, which was coupled 
with a 20 KHz 2.4 KW ultrasonic transducer (Shengxi, China). The magnesium melt was protected 
by CO2/SF6 (volume ratio 99:1) mixed gas. 
 
Figure 3.2 Schematic setup of the high energy ultrasonic processing 
3.3 Casting of Zn alloys 
To prepare Zn-Mg alloy, pure Zn (99.99%, American Elements, USA) was melted in a 
resistance furnace and Mg chips (99.95%, American Elements, USA) were dipped in. Pure copper 
(99.99%, American Elements, USA) was also added to prepare Zn-Cu-Mg alloys. A mechanical 
stir was used to homogenize the melt and mixture of argon, and SF6 (1%) was used as protection 
gas to prevent Mg from oxidation and achieve accurate alloy ratio. The melt was casted in pure 
iron mould to make Zn alloy ingots. 
3.4 Hot extrusion 
To make cylindered rods, casted ingots were machined and then extruded at 200 ℃ for Zn 
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alloy and 400 ℃ for Mg alloys at extrusion rate of 20mm/s. As shown in Fig. 3.3, extrusion die was 
designed as extrusion ratio of 16, angle of 45 degree, bearing length of 3 mm, and surface roughness 
of 0.4 µm. The extrusion die was assembled on a horizontal hydraulic press with 300 metric tons 
force. Graphite powder oil suspension was used as lubricant. 
 
Figure 3.3 Extrusion die design 
3.5 Metallurgical analysis 
Specimens were ground by silicon carbide abrasive papers with successive grades from 400 
to 2000, and polished with 0.5 µm diamond suspension. Polished specimen were etched by picric 
solution (10 ml acetic acid, 4.2 g picric acid, 10 ml H2O, and 70 ml ethanol) and examined with 
Scanned Electron Microscope (SEM, Philips XL-30, USA) equipped with Energy-dispersive X-
ray spectroscopy (EDX) and backscattered electron (BSE) detectors. 
For fracture morphology analysis, samples were first cut a small opening and then fixed using 
bench clamp. Samples were fracture at the opening to get a relatively flat fracture surface. 
Commercial pure Mg (99.9% purity) and AZ61 (Mg93/Al6/Zn1) alloy were purchased from 
Alfa Aesar, USA. Chemical compositions were analysed through inductively coupled plasma 
54 
 
atomic emission spectrometry (ICP-AES). 
3.6 Immersion test 
Specimens with size of diameter 10mm and thickness 3mm were cut from extruded rods, and 
those cut from ingots were square disks with length of 10 mm and thickness of 3mm. Samples were 
ground up to 2000 grit and washed using acetone, ethanol and deionized water (ASTM type II) in 
ultrasonicator in sequence.  
Immersion test was performed according to ASTM-G31-72. Briefly simulated body fluid 
(SBF) were prepared according to Tab. 3.1 and added into the testing vials (Fig 3.4.a) by the surface 
area to solution volume at 1 cm2:20 ml, and refreshed every 24 hours. The temperature was kept at 
37 °C using water bath (VWR, USA). Alternatively specimen can be hang in SBF using fish line 
(Fig 3.4.b) to minimize surface contact between specimen and container or fixing tool. A 500 mL 
or 1L beaker should provide sufficient space for stirring using magnetic stir. In this research, 
selection of immersion test bench remained unchanged for each group of specimen, and dynamic 
test in beaker was chosen for Zn alloy because Zn corrosion can be affected by surface contact. 
   
Figure 3.4 Immersion test bench set up: a) Static test in water bath; b) Dynamic test in beaker 
Samples were removed after seven days, gently rinsed with deionized water, and dried at room 
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temperature. Corrosion products was evaluated using scanning electron microscopy (SEM) with an 
energy dispersive spectrometer (EDX). After that, corrosion products were removed by washing in 
distilled water first and then in chromic acid solution (200 g/L Cr2O3) for 5 mins at 40℃ in 
ultrasonicator, and corrosion morphology was observed using SEM. For Mg alloy, chromic acid 
solution contains 10 g/L AgNO3. 
 Dried weights of samples before corrosion test and after removing corrosion products were 
measured to calculate corrosion rate using following formula: 
Corrosion rate= (K×W)/ (A×T×D) 
where K is a constant (8.76×104 for rate unit of millimeter per year), W is mass loss in gram, 
A is area in cm2, T is time of exposure in hours, D is density in g/cm3. 
Table 3.1 Regents for preparing SBF (pH7.40, 1L) [146] 
Order Reagent Amount 
1 NaCl 7.996 g 
2 NaHCO3 0.350 g 
3 KCl 0.224 g 
4 K2HPO4 0.174 g 
5 MgCl2･6H2O 0.305 g 
6 1M-HCl 30 mL 
7 CaCl2･2H2O 0.368 g 
8 Na2SO4 0.071 g 
9 (CH2OH)3CNH2 6.057 g 
 
3.7 Electrochemical test 
The testing circuit (Fig. 3.5) was composted of testing sample as the working electrode, 
saturated calomel electrode (SCE) as a reference electrode and a platinum electrode as the counter 
electrode. The open circuit potential (OCP) was measured for 30mins. The potential was set as 
200mV below and 300mV over OCP value and scanning rate as 0.5mV/s for the linear polarization 
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test. The frequency span was set as 100 mHz to 30kHz at OCP with a sinusoidal -10~10mV for the 
potential electrochemical impedance spectroscopy (PEIS) measurement. 
Corrosion potential can be achieved through Linier Polarization (LP) test and it describes the 
potential level of the corrosion reaction. Mg alloy with more negative potential is easier to corrode. 
LP curve is divided into two parts. The upper part represents the catholic reaction and the lower 
part represents anodic reaction. These two reactions equilibrium at the corrosion potential. 
Corrosion current can also be achieved through Linier Polarization (LP) test, and it reflects 
the intensity of the corrosion reaction. Mg alloy with higher current is more severely corroded. The 
slope of LP curve reflects the intensity of corrosion current. A more abrupt curve reflects higher 
corrosion current. 
Corrosion resistance is measured and calculated through Potential electrochemical impedance 
scan (PEIS), and it shows how resistant Mg alloy is against electrochemical corrosion. PEIS test is 
achieved by charging the Mg alloy with sinusoidal AC current over a frequency span from 30K Hz 
to 100m Hz. A higher PEIS loop reflects higher corrosion resistance. Each PEIS curve in this figure 
had two loops, representing the impedance response at higher frequency (left loop) and lower 
frequency (right loop). The loop at left side reflects the charge transfer resistance, and the one at 
right side represents film resistance. The resistance value is achieved by fitting the PEIS curve by 
equivalent circuit. Equivalent circuit used for PEIS analysis is showed below: 
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Figure 3.5 Electrochemical testing circuit (a) and working electrode (b) 
3.8 Tensile test 
Tensile test samples were machined according to ASTM-E8-04 [147]. As shown in Fig 3.6, 
he round bar-shaped tensile test specimen have gage length (G) of 2 inch and diameter (D) of 0.5 
inch. Tensile tests were performed on a MTS single axis servohydraulic testing system at a 
displacement rate of 0.5 mm/min. 
 
Figure 3.6 Round bar-shaped tensile test specimen [147] 
3.9 Biocompatibility test 
Indirect cytotoxicity test was performed according to ISO 10993-52009 [148]. To prepare 
extract mediums, metal samples were cleaned, sterilized and incubated in Dulbecco's Modified 
Eagle Medium (DMEM) with 10% Fetal Bovine Serum (FBS) for 72 h under physiological 
conditions (5% CO2, 20% O2, 95% humidity, 37 °C). The supernatant fluid is withdrawn and 
Saturated 
calomel 
electrode 
Platinum 
electrode 
Working 
electrode 
a b 
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filtered by 0.2 µm filter. Fibroblast (L-929) cells were seeded in 96 well plate at 5000 cells/well 
density for overnight. The medium was replaced with 100 µl/well metal extract (1:15 dilution) in 
the next day. After further incubation for either 24 h or 72 h, 10ul MTT solution (5mg/ml, from 
Sigma-Aldrich) was added to each well. The plate was then continue incubated for 4 h at 37 °C. 
Then, the medium was carefully removed and 100 ul MTT solvent solution (1:1 DMSO and 
isopropanol) was added to each well. The plate was incubated for 15mins at room temperature and 
then read absorbance at 570 nm. 
For cell adhesion test, samples were cleaned by ethanol, air-dried and UV sterilized overnight 
and then put into a 24 well plate. L929 or EAhy926 cells were seeded on the samples at a density 
of 1 × 105 cells/ml. Cell culture medium was changed at the next day. After 48 h, cells were stained 
with 5 ug/ml Hochest 33342 (Molecular Probes) for 30mins. Then the samples were fixed with 4% 
paraformaldehyde for 15mins at room temperature and then permeabilized by 0.1% Triton X-100 
for 20mins at 4oC.  After that, cells were stained with 50 ug/ml rhodamine phalloidin (Sigma-
Aldrich) for 30mins at room temperature. Samples were visualized under Nikon confocal 
microscope. 
3.10 Statistics 
Three samples were tested at each time point for the immersion test, mechanical test and 
cytotoxicity test. Student’s T-test was performed to evaluate the significance of difference. Two 
groups of results with P value less than 0.05 was considered as significant different. 
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Chapter 4 Results and discussion 
4.1 Evaluation of commercial pure Mg and Mg alloys 
4.1.1 Metallurgical analysis 
As shown in Fig. 4.1a and b, microstructure of as-cast WE43 consisted of α-Mg matrix, second 
phase and sphere or polyhedral precipitates (arrow). The size of α-Mg grain is about 50um while 
polyhedral and sphere precipitates are around several microns and sub-micron in size respectively. 
SEM/EDX analysis showed that second phase contained 3.79 at. % of Y and 3.67 at. % of Nd and 
represented Mg12NdY. Typical polyhedral precipitates contained more than 70 at. % of Y and Zr 
was found in sphere precipitates (Tab. 4.1). These results are consistent with results from Coy et 
al. [64]. 
Fig. 4.1c and d showed that grain size of extruded WE43 was about 5um, which was much 
smaller than that of as-cast WE43. Another obvious characteristic of grain refinement after 
extrusion is that grain structure changed from dendritic grains to near-hexagon equiaxed grains. 
Precipitates were randomly observed within α-Mg grain, together with secondary phase segregated 
along grain boundary. 
Table 4.1. Elemental composition of WE43 
Alloy Element (wt. %) 
 Mg Y Nd Gd Zr Fe Al 
WE43 92.69 3.94 2.72 0.27 0.36 <0.01 <0.01 
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Figure 4.1 Grain structure of as-cast (a, b) and extruded (c, d) WE43. Arrow shows 
intermetallic compounds and precipitates 
Table 4.2 Elemental composition of micro-constitute of WE43 
Alloy Micro-constitute 
Atom%  
Mg Y Nd Gd Zr 
As-cast WE43 
α-Mg 97.95 1.90 0.16   
Mg12(RE,Y) 92.54 3.79 3.67   
Y-rich 18.00 75.2 3.42 3.33  
Zr-rich 82.14 14.57 1.26 1.12 0.92 
Extruded 
WE43 
α-Mg 97.35 2.27 0.38   
Mg12(RE,Y) 91.34 4.59 4.07   
Y-rich 82.23 15.27 1.05 1.45  
Zr-rich 94.54 3.79 1.22  0.45 
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4.1.2 Corrosion behavior 
4.1.2.1 Effects of alloying on corrosion rate 
It was found that corrosion rate of Mg decreased significantly after adding Al as alloying 
element (Fig. 4.2). In addition, corrosion rate of both pure Mg and AZ61 decreased gradually along 
with immersion time. For example, corrosion rates of pure decreased from 10.25 mm/year at 30th 
day to 4.85mm/year at 7th day. Possible cause is the non-uniform nature of pure Mg and AZ61. 
It’s hypothesized that corrosion reaction proceeded generally more uniform in the first few days of 
immersion, but after that highly localized pitting-corrosion dominated Mg corrosion, thus causing 
over-all corrosion rate dropped over time, since rate was determined by mass loss versus total time.  
Considering morphology development (Fig. 4.2a), corrosion rate at day 7 seemed to better 
represent overall corrosion resistance of Mg, among all four data points. Therefore, 7 days of 
immersion test was chosen as efficient screening protocol to exclude Mg samples with poor 
corrosion resistance. Nevertheless, long-term immersion test results provide more complete 
understanding of Mg corrosion behavior over time. 
 
Figure to be continued in next page 
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Figure 4.2 (a) Corrosion morphology of pure Mg and AZ61 immersed in SBF after 3, 7, 14 
and 21 days, (b) the total weight loss of each period times, (b) corrosion rate of Mg and AZ61 after 
3, 7, 14, and 21 days, and (d) the daily weight loss for each period times. 
4.1.2.2 Effect of alloying on electrochemical properties  
As shown in Fig. 4.3, AZ61 had significantly less negative corrosion potential, lower corrosion 
current and higher corrosion resistance, compared with pure Mg. Corrosion potential describes the 
potential level of the corrosion reaction. Mg alloy with more negative potential is easier to corrode. 
Corrosion current reflects the intensity of the corrosion reaction. Mg alloy with higher current is 
more severely corroded. Corrosion resistance shows how resistant Mg alloy is against 
electrochemical corrosion. These results indicated that AZ61 was more corrosion-resistant and less 
corroded than pure Mg in SBF. The electrochemical test results were consistent with immersion 
test results, which showed that pure Mg had three times higher corrosion rate than AZ61 (Fig. 4.2).   
To better understand Mg corrosion process, a long-term electrochemical test was conducted 
for 48 hours in total, and PEIS was performed and recorded at 1 h and 48 h. It was found that 
resistance of pure Mg at 48h slightly decreased compared with that at 1h. In contrast, resistance of 
AZ61 at 48h was much higher than that at 1h (Fig. 4.4). It’s hypothesized that adding Al in Mg 
increase transfer resistance (Tab. 4.3) of Mg by generating a protective layer when immersed in 
SBF. In addition, long term electrochemical test seems to be necessary to understand the real 
mechanism of corrosion reaction of Mg. 
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Figure 4.3. Linear polarization (LP) curves of pure Mg (blue line with circle) and AZ61 (red 
line with cross) 
 
  
Figure 4.4. Potential electrochemical impedance scan (PEIS) of Pure Mg (left) and AZ61 
(right) in SBF at 1 h and 48 h. Blue line with rectangle marker represents 1 h and red line with 
circle marker represents 48 h 
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Table 4.3. Corrosion potential, current and resistance from LP and PEIS tests 
Material Ecorr/ V Icorr/ uA R/Ohm 
Pure Mg -1.745 73.502 Rt=892.4, Rf=265.1 
AZ61 -1.496 12.888 Rt=2086, Rf=268.8 
 
4.1.2.3 Effect of grain refinement on corrosion rate and corrosion uniformity 
As shown in Tab. 4.4, corrosion rate of WE43 in SBF for 7 days was reduced by 35% after 
extrusion. Fig. 4.5a shows that corrosion morphology of as-cast WE43 is generally non-uniform, 
showing typical inter-granular corrosion. The large intermetallic compound in as-cast WE43 may 
be the primary cause of severe inter-granular corrosion respectively. It was observed that the 
primary Mg grains were slightly corroded while most grain boundaries were already degraded. In 
contrast, corrosion morphology of deformed WE43 was uniform without inter-granular corrosion. 
Table 4.4. Corrosion rate of WE43 in SBF for 1 week 
 As-cast WE43 Deformed WE43 
Corrosion rate  
(mm/year) 
6.64±0.06 4.34±0.02 
 
  
Figure 4.5. Corrosion morphology of WE43 in SBF in 24 h after acid washing. Arrow shows 
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inter-granular corrosion 
4.1.2.4 Change of SBF pH value with immersion time 
As result of corrosion reaction, the pH values of SBF with pure Mg and AZ61 increased from 
7.25 to 10 in 3 weeks. However, it was found that pH value change was more rapid for pure Mg 
compared to Mg alloy, probably because that corrosion rate of pure Mg is higher than that of AZ61 
during immersion test in SBF. 
As shown in Fig.1, pH of SBF with pure Mg (red diagonal) quickly rise up to 10 in 3 days, 
and remained stable for next 3 weeks. It seemed that SBF was saturated with corrosion products of 
Mg, thus pH value did not change afterwards. In contrast, pH of SBF with AZ61 gradually 
increased from 7.25 to 10 in 2 weeks, and SBF was saturated after that. 
 
Figure 4.6. pH value of SBF over immersion time 
4.1.2.5 Change of corrosion morphology with immersion time 
Corrosion morphology was found to change with immersion time too. Specimen were 
immersed in SBF for 21 days and SEM images of pure Mg and AZ61 after immersion for various 
days are shown in Fig. 4.7 and Fig. 4.8 respectively. Minimal change of corrosion morphology of 
AZ61 was observed and it seemed that number of fine cracks increased over time. In comparison, 
change of corrosion morphology of pure Mg seemed to be much more significant. At day 3 and 7, 
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the corrosion surface was found to be flat with numbers of cracks. After day 14, corrosion surface 
became very uneven and was featured with many pits, probably due to severe corrosion and mass 
loss. At day 21, it was found that a second layer of salt deposited and partially covered corrosion 
surface. Visually a white salt layer was observed on pure Mg, and this might be caused by chemical 
reaction between Mg corrosion products and SBF. 
 
Figure 4.7. SEM images of pure Mg after degradation test of (a) 3 days, (b) 7days, (c) 14 days 
and (d) 21 days 
3 d 
14 d 21 d 
7 d 
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Figure 4.8. SEM images of AZ61 disks after degradation test of (a) 3 days, (b) 7days, (c) 14 
days and (d) 21 days 
After removing corrosion products on the surface, corrosion morphology was observed under 
SEM again. Similarly, corrosion morphology without corrosion products was found to change with 
immersion time too. SEM images of pure Mg and AZ61 after immersion for various days are shown 
in Fig. 4.9 and Fig. 4.50 respectively.  
For pure Mg, at day 3 and 7, only one type of corrosion feature, fiber-shaped corrosion, was 
identified, and overall the corrosion surface was found to be relatively flat. After day 14, pit-shaped 
corrosion appeared. At day 21, pure Mg surface became very uneven and was featured with many 
large pits, probably due to severe corrosion and mass loss. 
In contrast, no fiber-shaped corrosion was found in AZ61 corrosion morphology. The major 
corrosion form of AZ61 was pit-shaped corrosion, which started to appear after 7 days of 
3 d 7 d 
21 d 14 d 
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immersion and increased significantly after 14 days of immersion. Corrosion morphology at day 
21 was featured with severe pit corrosion.  
  
  
Figure 4.9. Corrosion morphology of pure Mg immersed in SBF (a) 3 days immersion test, (b) 
7 days immersion test, (c) 14 Days immersion test, and (d) 21 days immersion test 
 
 
 
 
a b 
c d 
Fiber-shaped corrosion 
Large corrosion pits 
3 d 7 d 
14 d 21 d 
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Figure 4.10. Corrosion morphology of AZ61 Alloy immersed in SBF; (a) 3 days immersion 
test, (b) 7 days immersion test, (c) 14 Days immersion test, and (d) 21 days immersion test 
4.1.2.6 Corrosion products of pure Mg and Mg alloys 
During corrosion, large amount of salt precipitation was attracted and it formed a layer 
covering the surface (Fig.3). SEM/EDX analysis showed that Ca2+, carbonate, and phosphate ions 
in SBF reacted with Mg, Al and rare earth (RE) elements during the degradation process (Fig.4) 
[149]. This process can be demonstrated by the equations below: 
2Mg (Solid) + O2+4H+→2 Mg 2+ (Aqua) +2H2O 
2 Mg 2+ (Aqua) +PO43-(Aqua) ↔ Mg 3 (PO4)2 (Solid) 
a b 
c d 
Pitting corrosion formation 
Pitting corrosion development 
Severe pitting corrosion 
21 d 14 d 
3 d 7 d 
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Figure 4.11. Morphology and elemental composition of corrosion products of WE43 (a), AZ61 
(b) and pure Mg (c) 
4.1.3 Mechanical properties 
The tensile test results are summarized in Tab. 4.5. Notice that elastic modulus and tensile 
strength of human cortical bone are 3-20GPa and 35-283MPa respectively. The elastic modulus 
and yield strength of magnesium are closer to those of natural bone than other commonly used 
a 
b 
c 
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metallic and biopolymer implants. The relatively poor mechanical properties of biopolymeric 
surgical fixation devices generate frequent surgical breakage during insertion and/or subsequent 
failure. In contrast, the elastic moduli of current metallic biomaterials are not well matched with 
that of natural bone tissue, resulting in stress shielding effects that can lead to reduced stimulation 
of new bone growth and remodeling which decreases implant stability.  
Strength and elongation of WE43 were simultaneously improved after extrusion process, 
probably due to enhanced grain boundary strengthening effect after grain refinement (Tab.5). 
Increase of yield strength and elongation are 1.6 and 5 times respectively. 
Elongation of all tested commercial available Mg materials was found to be equal or below 
10%, which is the minimal required value of elongation for coronary stent application. Additional 
thermo or mechanical treatment is necessary to improve ductility of these commercial available Mg 
materials for coronary stent application. 
Table 4.5. Mechanical properties of Mg alloys, cortical bone, Ti and PLA 
Alloy 
Yield strength 
(MPa) 
Ultimate 
strength (MPa) 
Elongation 
(%) 
Elastic modulus 
As-cast WE43 120±4 192±5 2±0.8 46 
Extruded WE43 190±9 275±4 10±1.7 46 
Extruded Pure 
Mg 
102±5.4 165.5±10.9 8.2 46 
Extruded AZ61 238.75±17.7 317.2±7.8 7.4 46 
Cortical bone 32-283   3-20 
Titanium 480   115 
Poly-lactic acid 80   3 
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 4.1.4 Cytotoxicity test 
Cell culture test results (Fig. 4.12 and 4.13) demonstrated that Mg is biocompatible and can 
support cell attachment and proliferation. However, AZ61 was shown as a better candidate material 
for EAhy91 cell growth and tissue-like micro-structure regeneration. As shown in Fig. 4.12, similar 
amount of cells were observed on pure Mg and AZ61 samples after culturing for 1 day, which 
demonstrated an similar initial cell density. The proliferation rates of EAhy926 cells on pure Mg 
and AZ61were almost the same, which means that cells on those two types of samples proliferated 
in a similar manner after culturing for 1 day. However, much more cells were found growing on 
AZ61 than on pure Mg after culturing for 7 days, and cells growing on AZ61 showed a 3.5 times 
higher proliferation rate as of cells growing on pure Mg. Higher proliferation rates indicated that 
cells grew better on AZ61 samples than on pure Mg and slower degradation of AZ61 may explain 
this phenomenon. This result demonstrates that slowly-degrading magnesium is preferable in terms 
of biocompatibility.  
As shown in Fig. 4.13, the cell morphologies culture on pure Mg and AZ61 were found to be 
different in micro-scale. After 7 days of culturing, cells growing on AZ61 proliferated much better 
and assembled together to form a consistent tissue-like structure. In the contrast, cells spread and 
reached out on the surface of pure Mg, possibly due to low cell density and lack of cellular 
communication. Cracks were observed on the surface of Mg in both immersion test and cell culture 
test due to degradation reaction. However, it needs to be noticed that not all cracks were generated 
during degradation process. Fig. 4.14a was taken before the sample was still immersed in certain 
solution and it shows the cracks formed during degradation process. As indicated by the white 
arrows in Fig. 4.14b, the cells split sharply along with the cracks. This could be caused by the 
driving force from developing cracks during the drying process. 
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Figure 4.12. Proliferation rate of EAhy926 cells on pure Mg and Mg alloy AZ61. Three 
samples from each type of sample were tested at each time point 
  
  
Figure 4.13. Micro-structure of EAhy926 cells growing on AZ61 (a, c) and pure Mg (b, d) for 
7 days. Cells were stained with fluorescent dye DAPI 
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Figure 4.14. Micro-structure of pure Mg in cell culturing in DMEM medium with 15% FBS 
for 7 days: a) Cracks on Mg surface before drying; b) Cracks on Mg surface after drying 
4.1.5 Discussion 
Corrosion resistance of Mg was significantly improved through either alloying or hot 
extrusion. Possible mechanisms are discussed below, and applicability of WE43 and AZ61 as 
biodegradable implant materials is analyzed as well. 
4.1.5.1 Improve Mg corrosion resistance through alloying 
AZ61 had significantly less negative corrosion potential, lower corrosion current and lower 
corrosion rate, compared to pure Mg. Results from electrochemical test and immersion test were 
consistent, and showed that pure Mg had three times higher corrosion rate than AZ61. It’s 
hypothesized that adding Al in Mg may help generating a protective layer when immersed in SBF, 
thus increasing corrosion resistance of Mg. 
However, it must be pointed that Al alloying induced sever micro galvanic corrosion, which 
facilitated large corrosion-pit formation in AZ61 (Fig. 4.10). These large corrosion pits are 
normally considered detrimental, because they not only shorten overall implants lifespan, but also 
could be catastrophic because inhomogeneous mass loss leads to localized stress concentration and 
unexpected early disrupture of implants. 
Such double-edged effect is cause by that alloying elements may facilitate formation of 
protective film on Mg, while intermetallic precipitates containing alloying elements may cause 
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micro-galvanic corrosion. This indicates that corrosion resistance of Mg may be greatly improved 
if protective film can be formed, while micro galvanic corrosion is eliminated in the same time. 
4.1.5.2 Improve Mg corrosion resistance through hot extrusion 
Corrosion rate of WE43 was reduced by 35% through hot extrusion. As-cast WE43 showed 
non-uniform and inter-granular corrosion, which might be caused by the large intermetallic 
compound in as-cast WE43. In contrast, corrosion morphology of deformed WE43 was uniform 
without inter-granular corrosion. Therefore, it’s believed that grain refinement effect of WE43 was 
achieved by hot extrusion and it may help reducing micro-galvanic corrosion by refining large 
intermetallic compound in WE43. 
4.1.5.3 Applicability of WE43 and AZ61 as biodegradable implant materials 
Both corrosion resistance and mechanical properties need to be considered to choose suitable 
metals for biodegradable implants.  
Immersion test results showed that corrosion rates of both AZ61 and WE43 were above the 
upper limit of target range required for interference screw, which demand low enough corrosion 
rate to ensure 1 month of essential mechanical support. Coronary stent requires even lower 
corrosion rate, therefore none of these two commercial Mg alloys seemed to be suitable material 
for a successful coronary stent. Pre-clinical test [52] revealed that WE43 stent lost mechanical 
integrity in less than 2 weeks, while animal study [150] found AZ91 (similar to AZ61) pin 
generated subcutaneous hydrogen bubble in guinea pigs. From this point of view, immersion test 
results in this research are consistent with those from In Vivo tests.  
According to Tab. 4.5, WE43 exhibited yield tensile strength (YTS) of 190 MPa and 
elongation of 10%, thus qualifies as candidate materials for interference screw, but not for coronary 
stent. AZ61 had YTS sufficient for both implants but its ductility was too low, i.e. elongation of 
7.4%, to be suitable for either implants. 
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4.2 Mg nano-composite: Powder Metallurgy Process 
4.2.1 Microstructure analysis 
4.2.1.1 Effect of ball milling time and ball size on mixing efficiency 
Fig. 4.15a shows ball milling result of type 1 (10L) after 2 hours. Micron-scale clusters of ND 
particles were found, and Mg powder were milled from 3D down to 2D shape. Fig.1 (b) shows ball 
milling result of type 2 (5L5S) after 2 hours. There were less mm-scale ND clusters and more ND 
particles attached on Mg powder, but still there were many ND clusters, similar to type 1. Fig.1 (c) 
shows ball milling result of type 3 (10S) after 2 hours. No micro-scale ND clusters were found, but 
some nano-scale ND clusters were found. It was hypothesized that mm-scale ND clusters might be 
caused by low collision energy but high affinity due to static electricity. In addition, Mg powder 
maintained original sphere shape, and very little ND particles were found attached on Mg powder. 
Fig. 4.16b shows ball milling result of type 1 (10L) after 6 hours. It was shown that most Mg 
particles turned into 2D flake-shape and um-scale tiny particles, and ND particles were not as 
clearly visible as 2 hour one. Fig. 4.15b and c show ball milling result of type 2 (5L5S) after 6 
hours. Mg particles remained 3D sphere shape, and less mm-scale cluster was found compared to 
that of type 3. More ND particles were visible compared to that of type 3. Fig. 4.15 d and e shows 
ball milling result of type 3 (10S) after 6 hours. Mg remained 3D sphere shape, and there were less 
mm-scale ND clusters than 2hour, but still some ND particles formed clusters. 
In summary, it was demonstrated that large milling ball was not appropriate because ND 
clusters were in micro-scale due to significant size difference of milling ball and ND particles, and 
many AZ91 particle were milled into random-shaped small particles due to high collision energy. 
On the other side, small milling ball was not appropriate neither, because large mm-scale ND 
clusters were formed due to insufficient collision energy. As result, a blend of large and small 
milling ball is preferred due to sufficient collision energy and less size difference between milling 
ball and ND particles. In addition, using current ball mill machine, 6 hours of milling is minimum 
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and 12 hours may be more favorable. 
  
 
Figure 4.15. Ball milling result after 2 hours. a) type 1 (10L), b) type 2 (5L5S), c) type 3 (10S) 
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Figure 4.16. Ball milling result after 6 hours. a) type 1 (10L), b) and c) type 2 (5L5S), d) and 
e) type 3 (10S) 
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4.2.1.2 Effect of sintering methods on oxidation and fracture morphology 
4.2.1.2.1 Sparking plasma sintering (SPS) 
Fig. 4.17 shows fracture morphology of WE43 sample sintered through SPS. WE43 particles 
were well packed with minimal void or air entrapment, which indicated a denser microstructure. 
However, the fracture behavior of SPS samples was as brittle as that of tube-furnace sintered 
samples.  
Two different fracture morphologies, which were weakly bonded particle and well fused 
chunk, were observed to occupy similar amount of area. The shape of WE43 particles was round 
with little deformation, probably due to low pressing pressure during sintering process. 
Tab.1 shows composition of SPS WE43 through EDX Spectrum. It was found that weight 
presentation of oxygen in SPS WE43 was about 10%, which is lower than that of tube-furnace 
sintered samples. The oxidation layer on WE43 grain surface might be the cause of weak bonding 
of WE43 grains. 
In summary, SPS seemed to better sintering method than tube-furnace sintering, in terms of 
micro structure and oxygen content of sintered Mg samples. The limitation of SPS is the cost, which 
is much higher than that of tube-furnace sintering. 
  
Figure 4.17. Fracture morphology of SPS WE43 
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Table 4.6. Elemental composition of SPS WE43  
Element Weight% Atomic% 
C K 3.32 6.51 
O K 10.72 15.77 
Mg K 78.59 76.10 
Y L 4.13 1.09 
Nd L 3.20 0.52 
Totals 100 
 
4.2.1.2.2 Pressured sintering under vacuum 
Fig. 4.18 shows fracture morphology of pure Mg sample sintered through both pressure-free 
sintering and pressured sintering method. Pressure free sintering was conducted at 600C, while 
pressured sintering was at 350C due to limited temperature range of hot press machine. It was found 
that grain bonding was improved significantly after applying pressure during sintering, even under 
lower sintering temperature. Tab. 4.7 shows density change of sintered pure Mg sample before and 
after applying pressure. Density was increased by pressured sintering, and this means porosity was 
reduced through pressured sintering.  
Tab. 4.8 shows elemental composition change of sintered pure Mg sample before and after 
applying pressure, measured by EDX analysis. Compared with no pressure sintering under argon, 
oxygen concentration on Mg grain surface was reduced from 20.21 at. % to 14.96 at. % through 
pressured sintering under vacuum.  
Fig.4.18c shows grain structure of pure Mg sintered under pressure and vacuum, without any 
ball milling process. Under same sintering conditions, Mg samples without balling had better grain 
bonding and less oxidation. This indicates that balling milling process introduced about 1/3 of the 
oxidation to pure Mg. 
In summary, pressured sintering under vacuum yielded higher density, and less oxidation, thus 
appeared to be a better method than tube-furnace sintering. However, efficiency of pressured 
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sintering under vacuum is considerably lower than tube-furnace sintering, which is can handle 
multiple samples at one time. 
   
Figure 4.18. Fracture morphology of pure Mg sample sintered through pressure-free (a) and 
pressured sintering (b) 
Table 4.7 Density change of sintered pure Mg sample before and after applying pressure 
Pressure Density Green compact Sintered* 
Yes 
Average density 1.7597 1.7742 
Theoretical 
density % 
98.8602 99.6728 
No 
Average density 1.7647 1.7611 
Theoretical 
density % 
98.97919 98.77727 
* Sintering temperature was 350C for pressured sintering, and 600C for no-pressure sintering 
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Table 4.8 Elemental composition change of sintered pure Mg sample before and after applying 
pressure 
Pressure Ratio 
Element 
C O Mg 
No 
Weight % 1.69 14.54 83.78 
Atom % 3.13 20.21 76.66 
YES 
Weight % 0.01347 10.52 88.14 
Atom % 2.55 14.96 82.49 
YES 
Not ball milled 
Weight % 2.42 6.81 90.74 
Atom % 4.63 9.80 85.57 
 
4.2.1.3 Metallurgical analysis of Mg-ND composites 
The fracture morphology of pure Mg and Mg-ND composite was mainly decohesive rupture 
and the shapes of the divorced grains were easily observed (Fig. 4.19a). This type of fracture 
indicated that the metallurgical grain bonding was not strong enough to initiate dimple or cleave 
fracture. Further processing such as extrusion is needed to enhance the metallurgical grain bonding. 
It was found that adding 1wt% and 5wt% ND did not significantly change the fracture morphology 
and Mg grains were uniformly haloed by ND particles (Fig. 4.19b). 
Uniform dispersion of various contents of ND in Mg matrix was achieved through powder 
metallurgy process, which seemed to be highly efficient method to disperse nanoparticles with Mg 
powders. The extensive friction force generated by milling ball motion may be the major driving 
force breaking down nanoparticle clusters. In this way, nanoparticles were forced to contact with 
Mg powder, although they may originally tend to form agglomeration.  
Elemental composition (Tab. 4.9) of Mg-ND grain surface revealed a high centration of carbon, 
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probably from diamond particles, and also some oxidation. Density gradually decreased along with 
adding more ND. For example, pure Mg had theoretical density as about 99.38% but dropped to 
96.78% after adding 5 wt% ND particles.  
Density of ND (Tab. 4.10) is about 3.1 - 3.2 g/cm3 while density of Mg is about 1.74 g/cm3. 
Theoretically density of Mg should increase after adding ND with higher density. The drop of Mg 
density after adding ND indicates that certain form of porosity might be generated. Hardness of 
ND is too high to be deformed and compliant with Mg grain curvature. As a result, extra void might 
be created by ND attached on Mg grain surface. 
  
Figure 4.19. ND particle distribution in Mg-ND composites: a) ND particles uniformly 
covered Mg grains, b) Mg grains were uniformly coverd by ND particles 
Table 4.9. EDS analysis of Mg-ND composites  
Material Ratio 
Element 
C O Mg 
Mg-5ND 
Weight % 19.54 10.54 69.93 
Atom % 31.52 12.76 55.72 
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Table 4.10. Density of pure Mg, Mg-1ND, Mg-3ND and Mg-5ND samples 
Material Pure Mg Mg-1ND Mg-3ND Mg-5ND 
Theoretical 
density (%) 
99.38 97.36 96.83 96.78 
 
4.2.2 Corrosion behavior of Mg-ND composites 
4.2.2.1 Corrosion rate of Mg-ND composites 
Mg-ND nanocomposites (Mg-1ND, Mg-3ND, Mg-5ND, in wt%) prepared through powder 
metallurgy and were tested against pure Mg to compare their corrosion behavior in SBF.  
Fig. 4.20 demonstrates pH value changes during immersion test of pure Mg and Mg-ND 
composites. With corrosion of Mg, pH value of SBF readily rose during 48 hours of testing. It was 
noticed that pH value of SBF with pure Mg increased quite sharply and hit plateau after 24 hours, 
while the pH value change became more moderate after adding ND. After 48 hours of immersion 
test, pH value of SBF with Mg-5ND was only 9.7, while pH value of SBF with pure Mg already 
reached maximum value, 10.8, at 24 hours. 
Fig. 4.21 shows corrosion rates of pure Mg and Mg-ND composites immersed in SBF for 3 
days. Immersion test was stopped at 3 days because at this point pure Mg already lost its shape (Fig. 
4.22). Corrosion rate decreased readily with adding more ND particles. For instance, after adding 
5wt% of ND, corrosion rate of pure Mg was cut by 77.9% percentage. Such significant change in 
corrosion rate also resulted totally different physical appearance after immersion test. While pure 
Mg already collapsed into small pieces, Mg-ND still retained its physical integrity. 
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 Figure 4.20. pH value changes during immersion test of pure Mg and Mg-ND composites 
 
 
Figure 4.21. Corrosion rate of pure Mg and Mg-ND composites 
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Figure 4.22. Appearance of pure Mg (a) and Mg-5ND (b) after 3 days immersion in SBF 
4.2.2.2 Electrochemical properties of Mg-ND composites 
Linear polarization (LP) curves and potential electrochemical impedance scan (PEIS) curves 
are shown in Fig. 4.23. A higher corrosion potential in LP curve and a larger loop in PEIS curve 
indicate a lower average corrosion rate of the material. Tab. 4.11 lists corrosion rates from 
immersion test and the corrosion potential and resistance derived from Fig. 4.23. It is seen that Mg 
nanocomposite with higher ND loading had lower corrosion rate, higher corrosion potential, and 
higher electrical resistance. Specifically, the corrosion rate of Mg-5%ND was reduced by 4.5 times 
by adding 5wt% of ND particles.  
  
Figure 4.23. Linear polarization (LP) curves (A) and Potential electrochemical impedance 
scan (PEIS) (B) of pure Mg (blue Diag cross), Mg-1%ND (purple circle), Mg-3%ND (green cross), 
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Mg-5%ND (red circle) 
Table 4.11.  Corrosion rates and electrochemical properties of Mg-ND composites by powder 
metallurgy process 
 Pure Mg Mg-1%ND Mg-3%ND Mg-5%ND 
Corrosion rate 
(mg/cm2/h) 
2.93±0.060 1.66±0.094 1.03±0.085 0.65±0.068 
Corrosion potential 
(V) 
-1.55 -1.67 -1.68 -1.70 
Resistance (Ohm) 2796 2919 4279 5059 
 
4.2.2.3 Corrosion morphology of Mg-ND composites 
Fig. 4.24a shows the surface morphology of pure Mg after being submerged in SBF for 1 day. 
High corrosion led to formation of deep surface cracks. In comparison, the surface of the Mg-5ND 
composite was coated with a deposited layer when submerged in SBF for the same period, as shown 
in Fig. 4.24b. The samples were prepared by ball milling and sintering, and the grains (on yellow 
arrows) and grain boundary (on red arrows) can be clearly seen. It is interesting to note that there 
appeared to be more deposition at the grain boundary as seen by the small humps formed. The 
Mg/ND composite was sintered at 350C, which is below the melting temperature of Mg. Therefore, 
it is expected that ND particles should be rich at the grain boundary. This would lead to the 
formation of an ND-haloed grain structure. The ND particles at the grain boundary can then work 
as nucleating sites for mineralization.  
EDX analysis was performed to find out elemental composition of protective film on Mg-
5ND. As shown in Fig. 4.24c and d, this protective film was composed of O, Mg, P and Ca. It’s 
reasonable to assume that it may contain Mg (OH)2, Mg3(PO4)2 and Ca3(PO4)2.  
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Figure 4.24. Corrosion morphology and corrosion products of pure Mg and Mg-ND: a) Deep 
corrosion formed on pure Mg; b) Protective layer formed on Mg-5ND prohibiting corrosion; c) 
Protective film formed on Mg-ND, d) Elemental composition of protective film on Mg-5ND 
4.2.4 Biocompatibility test of Mg-ND 
Metabolic activity of fibroblast cells (L-929) were measured through MTT test after cell 
culture for 24 and 72 h. Cells were cultured in different mediums, including regular medium as 
control and extraction medium of Mg-ND composites, for 24 h and 72 h. Viability percentages 
versus control group were demonstrated in Fig. 4.25. 
Compared with that of control group, cell viability at 24 h was not significantly affected by 
extract medium of Mg-ND (Fig 4.25). Similar patterns were found in cell culture results at 72 h. 
Cells showed good tolerance to Zn-1Mg extract medium and cell morphologies in all groups were 
c d 
Protective film microstructure 
Poor surface film 
Pure Mg Mg-5ND 
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normal and healthy (Fig. 4.26). This indicates degradation products of Mg-ND did not have 
significant impact on cell growth and metabolic activity, thus Mg-ND could be considered as non-
toxic and biocompatible materials. 
 
Figure 4.25. Cell viability of fibroblast cells (L-929) cultured in regular media (control) and 
extraction media of Mg and Mg-ND composites 
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Figure 4.26. Optical images of fibroblast (L-929) cells after 72 h of culture in regular media 
(a, control) and extraction media of Mg-1ND (b), Mg-3ND (c) and Mg-5ND (d) 
4.2.4 Discussion 
4.2.4.1 Mechanism of corrosion inhibition effect of ND 
Surface layer generated during Mg corrosion is porous, non-stoichiometric, and conducts 
electricity. Consequently, Mg corrosion continues till the metal is completely destroyed. To 
overcome this inherent disadvantage, nano-sized corrosion inhibitor can be distributed in Mg 
matrix and achieve a protective layer on Mg.  
ND particles were successfully mixed with Mg powder through PM process, and fabricated 
Mg-ND had significantly lower corrosion rate compared to pure Mg. Specifically, the corrosion 
rate of Mg-5%ND was reduced by 4.5 times by adding 5wt% of ND particles. Mg-ND 
nanocomposites also had higher corrosion potential and higher electrical resistance, compared to 
91 
 
pure Mg. The corrosion inhibition effect of ND was thus demonstrated.  
Possible mechanism of corrosion inhibition effect of ND is illustrated Fig. 4.27. At initial 
stage, exposed ND attracts Ca2+ ions from SBF. The deposited calcium ions are positively charged, 
and they in turn interact with negatively charged phosphate ions in the SBF and form calcium 
phosphate compounds. The passivation layer then grows spontaneously, consuming the calcium 
and phosphate ions to form calcium phosphate clusters. As a result, passivation layer (Fig. 4.24) 
was formed and acts as protective film [76, 151].  
In addition, higher efficiency in corrosion protection and mechanical reinforcement compared 
with larger-sized particles. Nano-sized particle has inherent advantage over µm/mm-scale particles 
in the sense of uniform distribution, finer particle size and subsequent fast dissolution and quick 
reaction. Thus, better local protection for Mg metal grain has been demonstrated [69-71, 82].  
 
Figure 4.27 Schematic diagram of a passivation process of Mg-ND nanocomposite in SBF. a) 
The initial stage. b) ND attract Ca2+ from SBF, c) The deposited calcium ions, in turn, interact with 
phosphate ions in the SBF and form bonelike apatite. d) The passivation layer then grows 
spontaneously, consuming the calcium and phosphate ions to form apatite clusters (Adapted from 
[152]) 
4.2.4.2 Comparison of commercial Mg alloys and Mg-ND composites 
ND particles were successfully mixed with Mg powder through Powder Metallurgy (PM) 
process, and fabricated Mg-ND had significantly lower corrosion rate compared to pure Mg. The 
corrosion inhibition effect of ND was thus demonstrated. However, it has to be pointed out that 
Mg-ND still corroded at a much higher rate compared with purchased commercial pure Mg (CP) 
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and Mg alloy AZ61 (Fig. 4.29). For example, corrosion rate of Mg-5ND was as low as 32.67 
mm/year, but corrosion rate of CP pure Mg was only 13.21 mm/year. As a result, the goal of 
reducing Mg corrosion was actually not achieved by adding ND through PM process. It should be 
noticed that interference screw requires corrosion rate less than 2.26 mm/ year, while coronary stent 
demands even lower corrosion rate. Obviously PM processed Mg-ND corroded too fast to be used 
in these implants.  
Besides porosity problem, another possible reason is that grain bonding of Mg sample 
fabricated under current PM conditions might be too weak to prevent grain detachment and 
subsequent excess mass loss. Color mixing image of EDX elemental mapping of pure Mg was 
shown in Fig. 4.29 and oxidation (red) can be easily identified. Burke conducted TEM analysis of 
Mg powder and he found that oxidation on Mg powder surface was evident [129]. These results 
indicate that the grain bonding of Mg made through powder metallurgy process can be weak due 
to presence of oxide on Mg surface. After removing corrosion products on the surface, individual 
Mg grains can be cleared identified (Fig. 4.30). Grain boundary turned to cracks during the 
corrosion process. As consequence, Mg grains might detach from the matrix during corrosion and 
cause significant mass loss. This problem could possibly tacked by reducing oxidation and porosity 
during PM processing, and thermo-deformation processing afterwards. Suggested thermo-
deformation processing include hot extrusion, forging and rotary swaging. 
In conclusion, corrosion inhibition effect of ND was demonstrated but alternative fabrication 
process is necessary to achieve strong grain bonding among Mg grains and prevent excess mass 
loss. Without further processing, Mg-ND nanocomposites prepared through PM processing are not 
qualified neither interference screw nor coronary stent applications. 
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Figure 4.28 Corrosion rate of Powder Metallurgy (PM) Pure Mg, Mg-ND composites, 
Commercial Pure Mg, and AZ61 in SBF  
 
Figure 4.29 Corrosion rate of Powder Metallurgy (PM) Pure Mg, Mg-ND composites, 
Commercial Pure Mg, and AZ61 in SBF  
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 Figure 4.30 Corrosion morphology after washing off corrosion products: a) Separated grains 
after washing using acid: b) Grain bonding was poor 
4.2.4.3 Biocompatibility of Mg-ND composites 
Cell culture test demonstrated that Mg is biocompatible and can support cell attachment and 
proliferation. No toxic products from these corrosion inhibitor materials since the major precipitates 
were calcium and/or magnesium phosphates, which are natural component of human bone [69-71, 
78].  In fact, it was reported that even the Mg monolithic samples implanted into bone was coated 
with a mineral phase, which was consisted mainly of calcium and phosphorous [38].  
4.3 Mg-CeO2 composites fabricated through ultrasonic processing 
4.3.1 Metallurgical analysis of Mg-CeO2 composites 
4.3.1.1 Grain analysis 
As shown in Fig. 4.31, grain size of as-cast pure Mg is very large, and it was reduced a little 
by CeO2 addition, but still it was quite coarse. It’s understandable because for pure Mg there was 
not enough grain growth-restricting agents, e.g. alloying elements, during solidification and crystal 
growth process.  
Significant grain size reduction in pure Mg was observed after hot extrusion process. Such 
grain refinement effect could be attributed to the recrystallization process during extrusion. 
Compared with that of pure Mg, microstructures of Mg-CeO2 composites were even more 
a b 
Separated grains 
Poor grain bonding 
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significantly refined (Fig. 4.31). It’s possible that CeO2 nanoparticles acted as nucleus sites of 
crystallization during hot extrusion. 
  
  
  
Figure 4.31 Microstructures in as-cast pure Mg (a) and Mg-0.5CeO2 (b), and extruded pure 
Mg (c) and Mg-0.5CeO2 (d, e, f) 
 
e f 
d c 
a b 
400X 600X 
100X 100X 
50X 50X 
Pure Mg 
Pure Mg 
Mg-0.5CeO2 
Mg-0.5CeO2 
Mg-0.5CeO2 Mg-0.5CeO2 
Coarse grain 
Reduced grain size 
Mg grain 
Fine grain structure 
Mg grain 
Mg grain 
96 
 
4.3.1.2 Oxidation elimination 
Ceramic, Magnesium Oxide (MgO), foam filter was used to remove impurity inclusions 
including oxidation (Fig. 4.32), which is theoretically impossible to avoid in open-air casting 
process.  
The cleaning effect of MgO foam was obvious. As shown in Fig. 4.33, large amount of 
oxidation inclusions were observed by naked eye before applying MgO foam. The elimination of 
oxidation inclusions was critical to ultrasonic processing of Mg, because the high energy vibration 
generated by ultrasonication may help introducing inclusions and prevent them to settle down. 
Therefore, the implementing of MgO foam filter is necessary in this process to minimize amount 
of impurities. 
 
Figure 4.32 Oxidation inclusion in casted Mg ingot (100X) 
Oxides 
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Figure 4.33 Comparison of oxidation inclusion in casted Mg before (a) and after (b) applying 
ceramic filter 
4.3.1.3 Macro-uniformity in Mg nano-composites with high ratio of CeO2 
Two types of Mg nano-composites were prepared and compared. The second type will be 
discussed in Section 4.3.1.4. In this part of research, large amount of CeO2 particles were added in 
the first type of Mg nano-composites. Specifically, 4 wt% of CeO2 were dispersed in Mg and 
samples were analyzed using SEM. 
As shown in Fig. 4.34a, distribution of CeO2 (white) in Mg matrix (grey) was rather 
homogeneous, but only limited to macro-level, e.g. magnification of X200. At micro-level (X2000), 
obvious agglomerations were found and their size ranged from 1 to 10 microns (Fig. 4.34b). In 
other words, uniform distribution of micron-scale CeO2 agglomerations were achieved in Mg 
nanocomposites with high ratio of CeO2. Nevertheless, single-particle dispersion of nano-CeO2 in 
Mg was not succeeded. EDX analysis of CeO2 in Mg was shown in Fig. 4.35. 
Two categories of agglomerations in Mg-CeO2 composites were distinguished by their unique 
microstructures. The first kind of CeO2 agglomerations was featured with excellent wetting of Mg 
with CeO2 particles and minimal void at periphery. Whereas, poor wetting of Mg with CeO2 
Oxides 
Before filtering 
After filtering b a 
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particles was identified in the second type of agglomerations, and quite a few voids were found 
trapped inside the agglomerations, which appeared in capsule-shape.  
It’s hypothesized that ultrasonic dispersion was a dynamic process and it could be divided into 
at least three steps, which are scattering the capsule-shaped agglomerations, breaking the capsule-
shaped agglomerations, and dispersing the Mg-wetted clusters. That is to say, microstructures 
shown in Fig. 4.32 were obtained after finishing the first and second step of ultrasonic dispersion. 
However, the third step was yet to be finished by applying higher density energy of ultrasonication, 
which could be achieved by either increasing ultrasonic power or reducing the amount of work to 
be done. 
  
  
Figure 4.34 Distribution of CeO2 in Mg-4%CeO2 composite. (a) Overview, (b) Local 
microstructure revealed CeO2 agglomeration, (c) Mg-wetted CeO2 agglomeration, (d) Capsule-
shaped CeO2 agglomeration 
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Figure 4.35 EDX analysis of CeO2 in Mg 
4.3.1.4 Micro-uniformity in Mg composites with low ratio of CeO2 
As mentioned in Section 4.3.1.3, two types of Mg-CeO2 composites were prepared, and the 
second type contained low ratio of CeO2 (0.1 wt. %) and its properties are discussed here. 
As shown in Fig. 4.36, single particle dispersion of CeO2 in Mg was achieved through 
ultrasonic processing, and no agglomeration was observed. Nevertheless, it has be pointed that 0.1 
wt. % is a very low centration. EDX analysis of CeO2 in Mg was shown in Fig. 4.37. 
From these results, it seemed that three steps of dispersion process could be completed during 
ultrasonic processing of Mg-0.1CeO2, whereas only two steps were finished in the case of Mg-
4CeO2. Since the processing conditions were the same, the only difference in these two cases were 
that the amount of CeO2 to be processed was different. Although there was no sufficient evidence 
of that 0.1 wt. % is the upper limit, still it can be expected that the processible amount of CeO2 in 
ultrasonic processing was relatively low compared with PM process. 
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Figure 4.36 Distribution of CeO2 in Mg-0.1CeO2 composite. (a) Uniform distribution of CeO2 
(white) in Mg matrix (grey), (b) Single particle of CeO2 
 
 Figure 4.37  EDX analysis of CeO2 in Mg 
4.3.2 Corrosion behavior of Mg-CeO2 composites 
Fig. 4.38.a and b show visual comparison of pure Mg and Mg-0.1CeO2 processed by 
ultrasonication and immersed in SBF for 24 hours. Many hydrogen (H2) bubbles can be found on 
surface of pure Mg when submerged in SBF, whereas there were much less H2 bubbles on top of 
Mg-0.1CeO2. This indicates that corrosion rate of pure Mg is higher than that of Mg-0.1CeO2, 
because amount of released H2 bubble is in direct proportion to corrosion rate. 
Samples were removed from SBF and dried, and their corrosion products morphologies were 
Nano CeO2 
b 
Nano-CeO2 
A B 
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compared after taking out and drying. As shown if Fig. 4.38.c, lots of volcano-shaped corrosion 
products precipitated on pure Mg surface, and they are signs of pitting corrosion. Compared with 
pure Mg, much less volcano-shaped corrosion products can be found on Mg-0.1CeO2 surface (Fig. 
4.38.d). Therefore, it’s expected that corrosion rate of Mg-0.1CeO2 should be much lower than that 
of pure Mg. 
Elemental composition of corrosion products of Mg was analyzed through SEM/ EDX. As 
shown in Fig. 4.39 and Tab. 4.12, a two-layer microstructure was observed, and they all consisted 
same elements including C, O, Mg, P, and Ca (*H is not listed in the table because it can’t be 
detected by EDX). However, ratios of those six (if including H) elements were different. Outer 
layer (farer from Mg) contained much more P and Ca, compared with inner layer (closer to Mg). 
Thus it’s speculated that outer layer contained more Calcium Phosphate type compounds, whereas 
Magnesium Oxide was the major component of inner layer.  
Immersion test revealed that corrosion rates of Mg-0.01CeO2 composites were significantly 
lower than that of pure Mg (Fig. 4.40). Lowest corrosion rate was achieved by adding 0.1 wt. % of 
CeO2 in Mg, while the rate actually increased after adding 0.5 wt. % of CeO2 in Mg. Possible reason 
is that agglomerations were formed and they might facilitate Mg corrosion due to oxygen 
entrapment and void formation. 
As shown in Fig. 4.41, corrosion morphology of pure Mg was featured with large corrosion 
pits, which indicate existence of impurities that caused severe pitting corrosion and accelerated 
corrosion reaction. In contrast, corrosion morphology of Mg-0.1CeO2 was rather uniform without 
obvious large corrosion pits. Therefore, it can be concluded that corrosion resistance of Mg was 
significantly improved by adding 0.1 wt. % of CeO2 through ultrasonic processing.  
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Figure 4.38 Ultrasonication processed pure Mg (a, b) and Mg-0.1CeO2 (c, d) immersed in 
SBF for 24 hours. a and b) samples were submerged in SBF, c and d) samples were dried 
H2 bubbles 
Pitting corrosion products 
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d 
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Figure 4.39 Cross-section view of Mg immersed in SBF for 24 hours 
Table 4.12. Elemental composition of inner layer and outer layer of Mg corrosion products 
 Atom% 
Element Inner layer Outer layer 
C 21.60 46.4 
O 53.00 39.87 
Mg 24.28 7.56 
P 0.86 4.21 
Ca 0.26 1.95 
 
Mg matrix 
Inner layer 
Outer layer 
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Figure 4.40 Corrosion rates of pure Mg and Mg-CeO2 composites 
  
  
Figure 4.41 a) Corrosion of pure Mg was localized and non-uniform; b) Uniform corrosion 
was found on Mg-0.1%CeO2 
4.3.3 Mechanical properties of Mg-CeO2 composite 
As shown in Tab. 4.13, tensile test results revealed that yield strength of Mg-0.01CeO2 was 
26% higher than pure Mg and elongation remained the same. Moreover, strength and elongation 
were simultaneously nearly doubled after adding 0.5% CeO2 nanoparticles into pure Mg. This 
indicated that CeO2 nanoparticle not only have the potential to reduce corrosion rate of Mg, but 
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also can improve its mechanical properties.  
The improved mechanical properties may be attributed to a combination of precipitation 
strengthening effect and grain boundary strengthening effect of CeO2 nanoparticles addition. CeO2 
nanoparticles have much higher hardness than Mg [153] and they can effectively impede 
dislocation in Mg, thus realizing precipitation strengthening. In addition, grain structure was 
significantly refined after adding CeO2 nanoparticles and grain refining improves strength and 
ductility simultaneously. As a result, strength and elongation of Mg were simultaneously improved 
after adding CeO2 nanoparticles. 
Table 4.13. Mechanical properties of Mg and Mg-nano-composites 
 
Yield strength 
(MPa) 
Ultimate strength 
(MPa) 
Elongation 
(%) 
Pure Mg 94±2 185±0.5 14±1 
Mg-0.1%CeO2 118±2 204±5 14±1 
Mg-0.5%CeO2 168±6 237±3 25±1 
 
4.3.4 Cytotoxicity test of Pure Mg and Mg-CeO2 composites 
To evaluate cytotoxicity of Mg-CeO2, metabolic activity of the fibroblast cells (L-929) were 
measured through MTT test after growing in different culture medium, including regular medium 
as control and extraction medium of pure Mg, Mg-0.1CeO2 and Mg-0.5CeO2, for 24 h and 72 h. 
Viability percentages versus control group were demonstrated in Fig. 4.42.  
Compared with that of control group, cell viabilities at 24 h were not significantly affected by 
extract medium of pure Mg, Mg-0.1CeO2 and Mg-0.5CeO2, and they were all above 90%. Similar 
patterns were found in cell culture results for 72 h in extract medium in comparison with control 
group. Cells showed good tolerance to pure Mg and Mg-CeO2 extract medium and cell 
morphologies in all groups were normal and similar to each other (Fig. 4.43). This indicates that 
degradation products of pure Mg and CeO2 nanoparticles released from Mg-CeO2 did not have 
significant impact on cell growth and metabolic activity, thus Mg-CeO2 nanocomposites were 
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considered as non-toxic and biocompatible materials. 
 
Figure 4.42 Cell viability of fibroblast cells (L-929) cultured in extraction medium of Pure 
Mg, Mg-0.1CeO2 and Mg-0.5CeO2  
  
  
0
20
40
60
80
100
120
140
24 h  72 h
V
ia
b
ili
ty
 (
 %
 o
f 
c
o
n
tr
o
l)
Cell culture time
Control Pure Mg Mg-0.1CeO2 Mg-0.5CeO2
a Control 
200µm 
b 
c d 
Pure Mg 
Mg-0.1CeO2 Mg-0.5CeO2 
200µm 
200µm 200µm 
107 
 
Figure 4.43 Optical images of fibroblast (L-929) cells after 72 h of culture in pure Zn and Mg-
CeO2 extraction medium: (a) control, (b) pure Mg, (c) Mg-0.1CeO2, (d) Mg-0.5CeO2 
4.3.5 Discussion 
4.3.4.1 Corrosion inhibition mechanism of nano-CeO2 
CeO2 and Cerium salt, as corrosion inhibitor materials, were conventionally coated or metal 
surface or added in aqueous solution to decrease the corrosion rate of immersed metal. The 
mechanism for inhibiting corrosion involves formation of a passivation layer, which prevents 
access of the corrosive substance to the metal.  In the case of Mg nanocomposites, the CeO2 
corrosion inhibitor will be imbedded inside the Mg matrix and released during degradation process.  
Mg-CeO2 has multiple advantages over traditional Mg alloy since:  
1) Higher strength was achieved by adding nano-materials into a range of alloys. Several 
studies have shown Mg nanocomposites to have strength increases on the order of 100% compared 
to the monolithic samples [60, 154-157]. Mg nanocomposites is normally treated as a kind of 
material in which rigid reinforcements are embedded in a ductile metal or alloy matrix. Mg 
nanocomposites combine metallic properties (ductility and toughness) with ceramic characteristics 
(high strength and modulus), leading to greater strength to shear and compression and to higher 
service temperature capabilities [154]. 
2) Higher efficiency in corrosion protection and mechanical reinforcement compared with 
coating or larger-sized particles. Nano-sized particle has inherent advantage over um/mm-scale 
particles in the sense of uniform distribution, finer particle size and subsequent fast dissolution and 
quick reaction. Thus, better local protection for Mg metal grain has been demonstrated [69-71, 82]. 
3) Protective layer was formed because Mg-CeO2 could induce surface film composed of 
sparingly soluble compound, which is absorbed on the metal surface, and acts as protective film 
[76, 151]. This corrosion inhibition effect could be attributed to the interconversion of Ce3+ and 
Ce(OH)22+ ions which is possible in an aqueous solution following the Pourbaix diagram [119, 120] 
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(Fig. 1). As shown in equations below, the proposed mechanism can be described as follows [121]: 
the slight solubility of CeO2 allows the formation of Ce(OH)22+ ions in solution which can diffuse 
reaching local defects. When in contact with the bare oxidizable metal these ions then reduce to 
Ce3+ and precipitate as Ce(OH)3 allowing sealing of the layer. This precipitation process can 
effectively hinder corrosion of Mg.  
Corrosion inhibition effect of CeO2 nanoparticles: 
Step 1: Dissolution 
CeO2+2H2O→Ce(OH)22+ +2OH-  
Step 2: Diffusion 
Ce(OH)22+ → Move to local defect 
Step 3: Reduction 
Mg +2Ce(OH)22+ + 2H2O→ Mg2+ +2Ce(OH)3 +H2   
Step 4: Sealing 
Ce(OH)3  →Cover local defect 
Overall reaction 
Mg +2CeO2+ 4H2O → Mg(OH)2+2Ce(OH)3 + H2  
 
4) Theoretically galvanic corrosion is absent in Mg-CeO2 because CeO2 does not conduct 
current. One of the biggest obstacles to Mg alloy development is the two conflicting effects of 
adding alloying element in Mg. The beneficial effect is that alloying elements may facilitate 
formation of protective film on Mg, while the detrimental effect is that intermetallic precipitates 
containing alloying elements may cause micro-galvanic corrosion.  Corrosion resistance of Mg has 
been greatly improved because protective film could be formed, while micro galvanic corrosion 
was eliminated in the same time. 
5) No toxic products from these corrosion inhibitor materials since the major precipitates were 
calcium and/or magnesium phosphates, which are natural component of human bone [69-71, 78].  
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In fact, it was reported that even the Mg monolithic samples implanted into bone was coated with 
a mineral phase, which was consisted mainly of calcium and phosphorous [38].  
 
4.3.4.2 Comparison of PM and ultrasonic processing 
Immersion test showed PM method was not suitable for preparing corrosion-resistant Mg-
nano-composites, although it can handle high concentrations of nanoparticles. In contrast, 
ultrasonic processing can produce corrosion-resistant Mg-nano-composite material, but 
agglomeration may be a problem in case that high concentration of nanoparticle is needed for 
mechanical purpose. However, it should be noted that corrosion ate of pure Mg fabricated route 
PM was significantly higher than casting pure Mg. This might limit future application of PM 
method to prepare Mg-nano-composite material. Furthermore, agglomeration of nano-CeO2 formed 
at high concentration and accelerated corrosion instead of reducing it. In future research, surface 
modification needs be applied before adding large amount of nano-particles in Mg. 
4.3.4.3 Applicability of Mg-CeO2 as biodegradable implant material 
As shown in Fig. 4.38, corrosion rate of Mg was reduced to from 7.63 to 1.26 mm/year by 
adding 0.1 wt. % of CeO2. According to Tab. 1.2, such corrosion resistance is high enough for 
interference screw application, and could insure the screw to maintain essential mechanical support 
for at least 1 month, and a full lifespan of 3 to 6 month. However, corrosion resistance of Mg-
0.1%CeO2 is insufficient for coronary stent application, which requires corrosion rate lower than 
0.5 mm/year.  
As to mechanical properties, yield tensile strength and ductility of Mg were simultaneously 
doubled by adding 0.5 wt. % of CeO2, and reached 168 MPa and 25% respectively (Tab. 4.13). 
According to Tab. 1, interference screw requires yield strength of 150 MPa and ductility of 10%, 
thus Mg-0.5%CeO2 could qualify for this application, but not for stent application, which requires 
yield strength of 200 Mpa.  
Considering both corrosion resistance and mechanical properties, neither Mg-0.1%CeO2 nor 
110 
 
Mg-0.5%CeO2 reached the targets for interference screw or coronary stent. However, it has to be 
pointed that current available biodegradable interference screw is made out of Poly-L-Lactide Acid 
(PLLA), which ultimate tensile strength is lower than 82.7 MPa [158]. The advantage of PLLA 
over Mg-CeO2 is that its degradation rate is much lower than that of Mg-CeO2, and this insures 
long term stability of screw and prevent late fracture after screw implantation [159]. The bottom 
line here is that Mg-0.1%CeO2 could possibly qualify as interference screw material, provided long 
term stability of Mg-0.1%CeO2 screw is clearly characterized. In addition, it’s suggested that Mg-
0.5%CeO2 may not be a good candidate material for inference screw, because its fast corrosion 
lead to rapid hydrogen evolution and alkalization of body fluids, both of which can overwhelm 
homeostatic mechanisms and further retard the healing process [17, 27, 160].  
In Vitro cytotoxicity test results indicate that Mg-CeO2 nanocomposites are not toxic since 
cells growing in contact with their corrosion products maintained high cell viability and healthy 
morphology in comparison with control group. However, animal study is necessary to evaluate Mg-
CeO2 nanocomposites in terms of In Vivo toxicity, including both toxicity to local tissue and 
systematic toxicity to various organs. 
4.4 Zn-based alloys and nanocomposites 
4.4.1 Zn-Mg alloys 
4.4.1.1 Metallurgical analysis 
Elemental compositions of as casting Zn-1Mg was shown in Tab. 4.14. 
Coarse microstructure of as-cast Zn-1Mg consisted of primary Zn dendritic grains and eutectic 
phase in between primary grains (Fig. 4.44.a and b). The size of most Zn dendritic grains is about 
100 µm while smaller grains, e.g. 10µm, were also observed. SEM/EDX analysis revealed that 
primary Zn grains is mainly composed of Zn and eutectic mixture is composited of Zn and Mg2Zn11 
(Tab. 4.15). Solubility of Mg in Zn is less than 0.01wt% thus Mg was not detected in Zn grains by 
SEM/EDX due to limited measuring resolution. 
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Grain refinement of Zn-Mg was observed after extrusion, as large dendritic Zn grains evolved 
into small near-equiaxed grains (Fig. 4.44.c and d). Moreover, eutectic mixture disappeared and 
instead intermetallic compounds segregated along grain boundaries. It was found that composition 
of intermetallic compounds was 87.5Zn-12.5Mg (at. %), thus representing Mg2Zn11. 
With only 1wt% of Mg, Zn-Mg alloy was already found with high volume ratio of eutectic 
phase at grain boundary, and this is because solid solubility of Mg in Zn is lower than 0.01wt%. 
During deformation process, recrystallization occurred and as a result, large dendritic grains of as-
cast Zn-1Mg disappeared and uniform small equiaxial grains formed. In the same time, eutectic 
phase transformed into smaller precipitates due to high temperature and high shear stress generated 
during deforming process.   
Table 4.14. Elemental composition of Zn-1Mg alloy 
Alloy Elemental composition (wt. %) 
 Zn Mg Fe Al 
Zn-1Mg 99.11 0.87 <0.01 <0.01 
 
  
Figure to be continued in next page 
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Figure 4.44 Grain structure of as-cast (a, b) and extruded (c, d) Zn-1Mg. Arrow in b shows 
eutectic mixtures and arrow in d shows intermetallic precipitates 
Table 4.15. Elemental composition of micro-constitute of Zn-1Mg 
Alloy Micro-constitute 
Atom% 
Zn Mg 
As-cast ZnMg 
α phase 100 0 
Eutectic phase 92.35 7.65 
Extruded ZnMg 
α phase 100 0 
Mg2Zn11 87.50 12.50 
 
4.4.1.2 Corrosion behavior of Zn-Mg alloy 
Compared with Mg alloy, Zn-1Mg was much more corrosion-resistant, and corrosion rate of 
Zn-1Mg in SBF is lower by one order of magnitude. This finding is consistent with previous 
research by Vojtech et al. [123]. Moreover, corrosion rate reduction of Zn-1Mg in SBF after 
extrusion was much more significant, i.e. 57% (Tab. 4.16). Corrosion product of Zn-1Mg was 
mainly composed of Zn, O, P and Ca (Fig. 4.45). It’s reasonable to assume that it may contain ZnO, 
Zn(OH)2, Zn3(PO4)2 and Ca3(PO4)2. This is probably because of the presence of chloride, hydrogen 
phosphate and hydrogen carbonate in SBF.  
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Fig. 4.46.a and c shows that corrosion morphology of as-cast Zn-1Mg is generally non-
uniform, showing typical inter-granular corrosion. The wide eutectic mixture in as-cast Zn-1Mg 
may be the primary cause of severe inter-granular corrosion respectively. It was observed that the 
primary Zn grains were slightly corroded while most grain boundaries were already degraded. In 
contrast, corrosion morphology of deformed Zn-1Mg was uniform without inter-granular corrosion 
(Fig. 4.46.b and d). 
Table 4.16 Corrosion rate of Zn-1Mg alloy 
 As casting Zn-1Mg Extruded Zn-1Mg 
Corrosion rate 
(mm/year) 
0.28±0.01 0.12±0.05 
  
Figure 4.45 EDX analysis (a) and SEM image (b) of Zn corrosion products 
  
  Figure 4.46 Corrosion morphology of as-cast Zn1%Mg is non-uniform, and deformed 
A B 
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Zn1%Mg shows more uniform corrosion  
4.4.1.3 Mechanical properties of Zn-Mg alloy 
As shown in Fig. 4.47, strength and elongation of Zn-1Mg was significantly increased after 
extrusion process, but increase of elongation after extrusion is much higher compared to WE43, i.e. 
10 versus 5 times. It seems that after similar extrusion process the change of mechanical properties 
of as-cast Zn alloy is more significant compared with that of as-cast Mg alloy. For example, 
elongation of pure Zn reached 54% after extrusion, while extruded pure Mg only has elongation of 
around 8% [161, 162].  
Compared to that of extruded pure Zn, strength of extruded Zn-1Mg was nearly twice higher, 
but elongation of extruded Zn-1Mg was much lower. It seemed that Mg was an effective 
strengthening alloying element for Zn, but decrease of ductility after adding Mg must be considered 
when designing Zn-Mg alloy formula. 
By comparing mechanical properties of extruded pure Zn and Zn-1Mg, it can be hypothesized 
that the precipitates surrounding primary Zn grains can provide resistance to crack propagation 
during failure, resulting strengthening effect, but can also initiate micro-cracking under stress and 
cause reduction in elongation. 
It should be noticed that strength and ductility of Zn-Mg alloys could be further improved 
through optimizing thermo-deformation process and obtaining further grain refinement. 
Alternatively, new Zinc alloy can be designed with third or fourth alloying element to improve its 
mechanical properties.  
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Figure 4.47 Tensile properties of as-cast and extruded WE43, pure Zn and Zn-1Mg. Only 
ultimate strength was available because as-cast Zn specimen cracked before plastic deformation 
4.4.1.4 Biocompatibility test 
To evaluate cytotoxicity of Zn-1Mg, metabolic activity of fibroblast cells (L-929) were 
measured through MTT test after cell culture for 24 and 72 h. Cells were cultured in different 
mediums, including regular medium as control and extraction medium of Zn-1Mg, for 24 h and 72 
h. Viability percentages versus control group were demonstrated in Fig. 4.48. 
Compared with that of control group, cell viability at 24 h was not significantly affected by 
extract medium of Zn-1Mg (Fig. 4.48). Similar patterns were found in cell culture results at 72 h. 
Cells showed good tolerance to Zn-1Mg extract medium and cell morphologies in all groups were 
normal and healthy (Fig. 4.48). This indicates degradation products of Zn-1Mg did not have 
significant impact on cell growth and metabolic activity, thus Zn-1Mg could be considered as non-
toxic and biocompatible materials. 
Cell adhesion experiment was performed to evaluate cell attachment ability of L-929 on Zn-
1Mg. Fig. 4.50 shows fluorescence-stained L-929 successfully adhered on both Zn-1Mg and WE43. 
These results were consistent with cell viability test and indicate Zn-1Mg can support cell 
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attachment and growth. 
 
Figure 4.48 Cell viability of fibroblast cells (L-929) cultured in regular media (control) and 
extraction media of extruded Zn-1Mg 
  
Figure 4.49 Optical images of fibroblast (L-929) cells after 72 h of culture in regular media (a, 
control) and extraction media of extruded Zn-1Mg (b) 
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Figure 4.50 Fluorescent images of fibroblast (L-929) cells growing on WE43 and Zn-1Mg for 
24h 
4.4.2 Zn-Cu-Mg alloys 
4.4.2.1 Metallurgical analysis of Zn-Cu-Mg alloys 
 As shown in Fig. 4.51, microstructure of as-cast Zn-1Cu-1Mg was featured with coarse 
dendritic primary Zn grains and wide eutectic grain boundaries. This is typical grain structure of 
as-cast Zn alloys, and similar grain structure was found in Zn-Al-Cu and Zn-Mg alloys.  
Significant grain refinement effect was observed in Zn-Cu-Mg alloys after hot extrusion (Fig. 
4.52). Obvious grain size reduction was observed and typical grain size is around 5 to 10 microns. 
Furthermore, primary grains changed from dendritic crystals to equiaxed ones. As to grain 
boundaries, the change is obvious and featured by a transformation from eutectic phase structure 
into particulate structure.  
While most of the particulate intermetallic compounds segregated along grain boundaries, few 
of them did appear in center of primary Zn grains. As shown in Fig. 4.53, SEM/EDX analysis 
showed that the intermetallic compounds contained 84.95 at. % (atom percentage) of Zn, 2.92 at. % 
of Cu and 12.13 at. % of Mg, thus represented Zn22Cu5.5Mg4 [163]. 
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Comparing three Zn-Cu-Mg alloys, it was found that the major difference among them was 
the quantity of segregated intermetallic compounds (Fig. 4.52). While very few intermetallic 
compounds were found in Zn-1Cu-0.01Mg, large amount of intermetallic compounds were 
observed in Zn-1Cu-1Mg. The quantity of intermetallic compounds in Zn-1Cu-0.1Mg was in 
middle of that in Zn-1Cu-0.01Mg and Zn-1Cu-1Mg. 
  
Figure 4.51 Microstructures of as-cast Zn-1Cu-1Mg, a) 100X, b) 400X 
  
Figure to be continued in next page 
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Figure 4.52 Microstructures of extruded Zn-1Cu-0.01Mg (a, b), Zn-1Cu-0.1Mg (d, e) and Zn-
1Cu-1Mg (e, f) 
 
Figure 4.53 SEM/EDX analysis of primary Zn grain and intermetallic compound in Zn-Cu-
Mg alloys 
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4.4.2.2 Corrosion behavior of extruded Zn-Cu-Mg alloys 
Corrosion rates of extruded Zn-Cu-Mg alloys were much lower than that of Mg alloys and Mg 
nano-composites, and they are all below 0.5 mm/year. Comparing three Zn-Cu-Mg alloys, it was 
found that their corrosion rates readily increased with higher Mg amount in Zn-Cu-Mg alloys (Fig. 
4.54). Corrosion rate of Zn-1Cu-0.01Mg was almost double of that of Zn-1Cu-1Mg. The corrosion 
rate of Zn-1Cu-0.1Mg was in middle of that of Zn-1Cu-0.01Mg and Zn-1Cu-1Mg. 
 
Figure 4.54 Corrosion rates of extruded Zn-Cu-Mg alloys immersed in SBF for 7 days 
4.4.2.3 Mechanical properties of extruded Zn-Cu-Mg alloys 
As shown in Fig. 4.55, mechanical properties of three Zn-Cu-Mg alloys with different amount 
of Mg were evaluated through tensile test. The beneficial effect of increasing Mg amount was that 
both yield and ultimate strengths rose with adding more Mg. For example, by adding 0.1 wt% of 
Mg, yield strength of Zn-1Cu-0.1Mg reached 24 MPa, which is 60 MPa higher than that of Zn-
1Cu-0.01Mg. Compared with ZnMg alloy, the strengthening effect of Cu was significant too. By 
adding 1 wt% of Cu, yield strength of Zn-1Cu-1Mg was nearly 300 MPa, and 105 MPa higher than 
that of Zn-1Mg alloy (Fig. 4.47). 
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In contrast, elongation of Zn-1Cu-Mg declined with adding more Mg. For instance, elongation 
of Zn-1Cu-0.01Mg was amazingly as high as 33%, while elongation of Zn-1Cu-1Mg dropped to 
12.8%. It was hypothesized that the intermetallic phase surrounding primary Zn grains can provide 
resistance to crack propagation during failure, resulting strengthening effect, but can also initiate 
micro-cracking under stress and cause reduction in elongation. 
 
Figure 4.55 Tensile test results of extruded Zn-Cu-Mg alloys  
4.4.2.4 Cytotoxicity test of pure Zn and Zn-Cu-Mg alloys 
To evaluate cytotoxicity of Zn alloys, metabolic activity of the fibroblast cells (L-929) were 
measured through MTT test after growing in different culture media, including regular media as 
control and extraction media of pure Zn, Zn1Cu0.1Mg and Zn1Cu1Mg, for 24 h and 72 h. Viability 
percentages versus control group were demonstrated in Fig. 4.56.  
Compared with that of control group, cell viabilities at 24 h were not significantly affected by 
extract media of pure Zn, Zn1Cu0.1Mg and Zn1Cu1Mg, and they were all above 90% (Fig. 4.56). 
Similar patterns were found in cell culture results for 72 h in extract media in comparison with 
control group. Cells showed good tolerance to pure Zn and Zn alloy extract media and cell 
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morphologies in all groups were normal and similar (Fig. 4.57). This indicates that degradation 
products of pure Zn and Zn-Cu-Mg alloys did not have significant impact on cell growth and 
metabolic activity, thus pure Zn and Zn-Cu-Mg alloys were considered as non-toxic and 
biocompatible materials. 
 
Figure 4.56 Cell viability of fibroblast cells (L-929) cultured in extraction media of Pure Zn, 
Zn1Cu0.1Mg and Zn1Cu1Mg  
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Figure 4.57 Optical images of fibroblast (L-929) cells after 72 h of culture in pure Zn and Zn-
Cu-Mg alloy extraction media: a) control, b) pure Zn, c) Zn1Cu0.1Mg, d) Zn1Cu1Mg 
4.4.3 Zn-ND nanocomposites 
4.4.3.1 Metallurgical analysis of Zn-ND nanocomposites 
Pure Zn powder showed uniform gray color under SEM and some particles were deformed 
from 3D shape into 2D shape during milling process (Fig. 4.58.a). Zn powder showed different 
color under SEM after adding 1wt% of ND, and these dark-spotted areas (arrow) were covered 
with ND particles (Fig. 4.58.b). It can be clearly seen that ND particles uniformly haloed around 
Zn powder in Zn-5ND mixture (Fig. 4.58.c), and this demonstrates the efficiency of ball milling in 
powder mixing. The size of ND particles ranged from tens to hundreds of nanometers and very few 
ND clusters (arrow) were observed (Fig. 4.58.d). 
Zn-ND composites were polished but not etched to reveal ND particle distribution because it 
was found that ND showed significantly color difference from Zn under SEM. Zn-ND showed 
shallow grain boundary because 1wt% ND haloed the Zn grain (Fig. 4.59.a). Grain boundary of 
Zn-5D was even clearer and ND-haloed Zn grain structure was easily identified (Fig. 4.59.b). 
The fracture morphology of pure Zn was mainly decohesive rupture and the shapes of the 
divorced grains were easily observed (Fig. 4.60.a). This type of fracture indicated that the 
metallurgical grain bonding was not strong enough to initiate dimple or cleave fracture. Further 
c d Zn1Cu1Mg Zn1Cu0.1Mg 
200µm 200µm 
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processing such as extrusion is needed to enhance the metallurgical grain bonding. It was found 
that adding 1wt% and 5wt% ND did not significantly change the fracture morphology and Zn grains 
were uniformly haloed by ND particles (Fig. 4.60.b, c and d). 
  
  
Figure 4.58 Powder mixture morphology of pure Zn (a), Zn-1ND (b) and Zn-5ND (c, d). ND 
uniformly haloed Zn powder and very few ND clusters were observed 
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Figure 4.59 Distribution ND particles in Zn-1ND (a), and Zn-5ND (b). Zn grains were 
uniformly haloed by ND particles 
  
  
Figure 4.60 Fracture morphology of pure Zn (a), Zn-1ND (b) and Zn-5ND (c, d). ND particles 
uniformly haloed Zn grains 
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4.4.3.2 Corrosion behaviors of Zn-ND nanocomposites 
As shown in Fig. 4.61, corrosion rates of Zn at 7 d and 30 d were reduced after adding ND. 
Moreover, corrosion rates of pure Zn and Zn-1ND immersed at 30th day were significantly lower 
than that at 7th day. This indicates that the corrosion reaction of these two samples proceeded fast 
during the first several days and slowed down with time. In contrast, Zn-5ND corroded in a more 
uniform way. 
SEM images (Fig. 4.62.a and b) were taken after Zn samples immersed in SBF for 7 days. It 
was found that the surface of Zn samples was covered with a layer of corrosion products with many 
cracks (Fig. 4.62.a). The deep cracks observed on pure Zinc may lead to further severe corrosion 
through accelerated corrosive media penetration and Zn particle separation from Zn matrix. In 
contrast, a protective layer (Fig. 4.62.b) was found on Zn-5%ND and this layer may have multiple 
functions, including hindering corrosion media diffusion, stabilizing local corrosion environment, 
and preventing Zn particle separation from the matrix. 
SEM images (Fig. 4.62.c and d) were taken again after cleaning corrosion products with acid 
washing. It was found that many cracks and gaps were formed on pure Zn (Fig. 4.62.c), probably 
due to localized corrosion on Zn grains in SBF. Similar morphology was observed on Zn-5ND (Fig. 
4.62.d), but some residual ND particles were also found among Zn grains. 
EDX analysis was conducted and revealed that the corrosion products of all samples contained 
Zn, Ca, P, and O (Tab. 4.17). It indicates that a mixture of Zn(OH)2 and calcium phosphate and/or 
carbonate was formed during immersion, probably due to the presence of chloride, hydrogen 
phosphate and hydrogen carbonate in SBF. It was found that more calcium phosphate and/or 
carbonate content were formed on Zn-5ND compared with that on pure Zn. It seemed that more 
Ca, P and O were attracted by the presence of ND particles in Zn samples. 
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Figure 4.61 Corrosion rates of pure Zn, Zn-1ND and Zn-5ND in SBF 
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Figure 4.62 Corrosion morphology of pure Zn (a, c) and Zn-5ND (b, d) in SBF before (a, b) 
and after (c, d) removing corrosion products 
Table 4.17 Corrosion products composition of pure Zn and Zn-5ND in SBF 
 O P Ca Zn 
Pure Zn 34.65 4.86 1.32 59.18 
Zn-5ND 51.07 9.06 4.03 35.84 
 
4.4.4 Discussion 
The main advantage of Zn-Mg alloy over Mg alloys is its high corrosion resistance in SBF, 
since current Mg alloy implants often suffer from fast-corrosion and consequent release of 
hydrogen bubble and early dislocation and disruption. In addition, from a biological aspect, 
released zinc from degradation may exemplify many of the advantages gained by using 
biodegradable metallic materials. For instance, zinc plays an important part in many cellular 
functions, such as enzyme activity, nucleic acid metabolism, protein synthesis, and hormonal 
activity [164, 165]. Yamaguchi et al. found out that zinc had a direct stimulatory effect on bone 
mineralization in vitro, and that bone protein synthesis was a necessary component of this response. 
It was shown that the presence of zinc in vitro has produced appreciable increases in several 
parameters of bone mineralization such as bone calcium content, alkaline phosphatase activity and 
collagen content in rat calvarias tissue culture [166]. 
4.4.4.1 Control of corrosion uniformity of Zn alloys 
Uniform corrosion is critical to success of load-bearing biodegradable implant. Non-uniform 
corrosion of load-bearing implant may be catastrophic because inhomogeneous mass loss leads to 
localized stress concentration and unexpected early disrupture [167, 168]. This is even more 
important to Zn-Mg alloy since it’s more vulnerable to galvanic corrosion due to larger potential 
difference between grains and intermetallic compounds. Well controlled casting and thermal 
deformation process is necessary to achieve homogenous microstructure and uniform corrosion in 
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biodegradable metals. Recently Yuan et al. developed a unique interstitial alloying composition as 
the nominal formula Mg-2.5Nd-0.2Zn-0.4Zr and utilized extrusion process to homogenize the alloy 
microstructure. Stent made of this material exhibits highly homogeneous degradation patterns and 
consequently maintained long-term (16 weeks) structural and mechanical durability in animal 
model [167]. 
Inter-granular corrosion seemed to be more significant for as-cast Zn-1Mg In comparison with 
as-cast WE43, and cracks at boundary after corrosion were deeper. This could be explained by the 
corrosion rate difference (CRD) between grains and boundaries. It seems that Mg grains and 
boundaries both corrode quite fast and resulted in smaller CRD between grains and boundary, while 
CRD between Zn grains and boundaries was much bigger than Mg. The deep cracks resulted from 
inter-granular corrosion may lead to further non-uniform corrosion to Zn through accelerated 
corrosive media penetration. 
To understand this phenomena, one must consider galvanic corrosion, which is one of the 
major forms of bio-metal corrosion. This type of corrosion is mainly caused by potential difference 
between primary Mg or Zn grains (anode) and intermetallic phases (cathode), which are formed 
once alloying elements are added in Mg or Zn matrix [64, 65]. Galvanic corrosion is dominated by 
the equation: 
𝐼𝑔 =
𝜑𝑐 − 𝜑𝑎
𝑃𝑐
𝑆𝑐
+
𝑃𝑎
𝑆𝑎
+ 𝑅
 
where 𝐼𝑔  is galvanic corrosion current, 𝜑𝑐 is cathode potential, 𝜑𝑎 is anode potential, 𝑃𝑐 is 
cathode polarization rate, 𝑃𝑎 is anode polarization rate, 𝑆𝑐 is cathode surface, 𝑆𝑎 is anode surface, 
and R is electrical resistance of the galvanic circuit [169]. 
As shown in the above equation, the larger potential difference (𝜑𝑐 − 𝜑𝑎 ) is, the higher 
corrosion current will be and corrosion rate will be normally higher too [44, 45]. Study has shown 
that potential difference between primary Mg grain and intermetallic phase in WE43 can be as high 
as hundreds of mV [64, 170]. As to Zn-Mg alloy, no research has been published yet, but it’s 
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reasonable to predict that potential difference between primary Zn grain and intermetallic phase in 
Zn-Mg should be much larger than WE43, because standard reduction potential (SRP) of Zn (-
1.25V) is much nobler than Mg (-2.69V) (Tab. 6) [62]. Therefore, galvanic corrosion in as-cast Zn-
Mg alloy should be more significant than that in WE43, and as-cast Zn-Mg alloy is more susceptible 
to non-uniform inter-granular corrosion compared to as-cast WE43. 
This equation could also help explain that hot extrusion is beneficial to hinder non-uniform 
micro-galvanic corrosion. First of all, hot extrusion process resulted in a general homogenization 
of chemical distribution by grain refinement and heat treatment. Large precipitates were breaking 
down and uniformly spread throughout the metal matrix. Moreover, galvanic corrosion current 𝐼𝑔 
at each micro-galvanic corrosion site would drop because cathode surface 𝑆𝑐  decreased 
significantly due to size reduction of precipitates (cathode) during hot extrusion process [171]. 
These will consequently result in a relatively uniform corrosion and biodegradation in extruded 
WE43 and Zn-Mg alloy. 
4.4.4.2 Applicability of Zn alloys as biodegradable implant material 
In vitro immersion test results showed that corrosion rates of Zn-based materials were nearly 
one-magnitude lower than Mg-based materials. Such low corrosion rates are more suitable for 
coronary stent application, which requires corrosion rate less than 0.5 mm/ year to ensure 6 month 
or longer of mechanical integrity and 12 to 24 month of lifespan. Furthermore, corrosion rates of 
Zn-based materials are adjustable, ranging from 0.06 to 0.29 mm/ year, for versatile coronary stent 
designs. 
High corrosion resistance of Zn-based materials may help maintain implants mechanical 
integrity till the tissue has sufficiently healed. Furthermore, hydrogen gas formation may be 
considerably reduced in the corrosion process, in contrast to Mg implants which may yield too 
much gas to be dealt with by the host tissue [38, 40, 43].  
In terms of mechanical properties, Zn1Cu0.1Mg alloy were shown to have best combination 
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of strength (YTS 246 MPa and UTS 287 MPa) and ductility (25%), and capable to meet the 
extremely strict requirements of coronary stents, which demand yield tensile strength higher than 
200 MPa and ductility higher than 15%. Moreover, strength and ductility of all types of Zn alloys 
are more than enough for interference screw, which requires yield tensile strength higher than 150 
MPa and ductility higher than 10%. Further processing is needed for Zn-ND nanocomposites to 
improve their ductility before they can be applied in any implant application. 
Strength and ductility of Zn-Cu-Mg alloys highly depend on Mg content, thus are tunable for 
various implant applications. Among them, Zn-1Cu-0.01Mg is highly ductile (33%) while less 
strong (YTS 186 MPa and UTS 250 MPa), thus more suitable for large deformation implant 
application. In the meantime, Zn-1Cu-1Mg is rather strong (YTS 287 MPa and UTS 358 MPa) but 
less ductile (12.8%), and is a suitable candidate material for load-bearing implant application. 
In Vitro cytotoxicity test results indicate that Zn and Zn-Cu-Mg alloys are not toxic since cells 
growing in contact with corrosion products of these materials maintained high cell viability and 
healthy morphology. However, animal study is necessary to evaluate Zn-based materials in terms 
of In Vivo toxicity including both toxicity to local tissue and systematic toxicity to various organs. 
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Chapter 5 Conclusion 
5.1 Conclusions 
It was found that corrosion resistance of Mg could be significantly improved through either 
alloying or hot extrusion. It’s hypothesized that adding Al in Mg may help generating a protective 
layer when immersed in SBF, thus increasing corrosion resistance of Mg. Grain refinement effect 
of WE43 was achieved by hot extrusion and it may help reducing micro-galvanic corrosion by 
refining large intermetallic compound in WE43. 
However, Al alloying induced sever micro galvanic corrosion, which facilitated large 
corrosion-pit formation in AZ61. Immersion test results showed that corrosion rates of both AZ61 
and WE43 were above the upper limit of target range required for interference screw. Corrosion 
resistance of Mg may be greatly improved if protective film can be formed, while micro galvanic 
corrosion is eliminated in the same time. 
WE43 exhibited yield tensile strength (YTS) of 190 MPa and elongation of 10%, thus qualifies 
as candidate materials for interference screw, but not for coronary stent. AZ61 had YTS sufficient 
for both implants but its ductility was too low to be suitable for either implants. 
Through PM processing, ND particles were uniformly dispersed in Mg to form Mg-ND 
nanocomposites, which had lower corrosion rate, higher corrosion potential, and higher electrical 
resistance, compared to pure Mg. Specifically, the corrosion rate of Mg-5%ND was reduced by 4.5 
times by adding 5wt% of ND particles. The chemical interaction and physical adsorption of the 
ions from SBF on the NDs might be the main reason for enhanced. Protective layer was formed 
because these corrosion inhibitor materials form an oxide film producing sparingly soluble 
compound, which is absorbed on the metal surface, and acts as protective film. 
However, PM processed Mg-ND still corroded at a much higher rate compared with 
commercial pure Mg and Mg alloys. Possible reason is that grain bonding of PM-Mg was too weak 
to prevent grain detachment and subsequent excess mass loss. Interference screw requires corrosion 
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rate less than 2.26 mm/ year, while coronary stent demands even lower corrosion rate. Obviously 
PM processed Mg-ND corroded too fast to be used in these implants.  
Ultrasonic processing was developed to fully employ corrosion inhibiting function of nano-
inhibitors. Single particle dispersion of CeO2 in Mg was achieved through ultrasonic processing, 
and no agglomeration was observed. However, obvious agglomerations were found in Mg with 
high CeO2 content. It’s hypothesized that dynamic ultrasonic dispersion processing could be 
divided into at least three steps, which are scattering the capsule-shaped agglomerations, breaking 
the capsule-shaped agglomerations, and dispersing the Mg-wetted clusters. For high content of 
CeO2, a complete ultrasonic dispersion processing can only be finished by applying higher density 
energy of ultrasonication. 
CeO2 nanoparticles exhibited obvious grain refinement effect to Mg in both as-cast and 
extruded conditions. It’s possible that CeO2 nanoparticles acted as grain growth-restricting agents 
and/ or nucleus sites of crystallization during casting and extrusion processing. Yield strength of 
Mg-0.01CeO2 was 26% higher than pure Mg and elongation remained the same. Moreover, strength 
and elongation were simultaneously nearly doubled after adding 0.5% CeO2 nanoparticles into pure 
Mg. The improved mechanical properties may be attributed to a combination of precipitation 
strengthening effect and grain boundary strengthening effect of CeO2 nanoparticles addition. 
Much less pitting corrosion was found on Mg-CeO2 surface compared with pure Mg, and 
lowest corrosion rate was achieved by adding 0.1 wt. % of CeO2 in Mg. Possible mechanism is that 
the slight solubility of CeO2 allows the formation of Ce(OH)22+ ions in solution which can diffuse 
reaching local defects. When in contact with the bare oxidizable metal these ions then reduce to 
Ce3+ and precipitate as Ce(OH)3 allowing sealing of the layer. This precipitation process can 
effectively hinder corrosion of Mg.  
Corrosion resistance of Mg-0.1CeO2 is high enough for interference screw application, and 
could insure the screw to maintain essential mechanical support for at least 1 month. However, Mg-
0.1%CeO2 had yield tensile strength lower than 150 MPa target and it could only possibly qualify 
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as interference screw material, provided its long term stability is clearly characterized. Moreover, 
neither PM processed Mg-ND nor ultrasonic processed Mg-CeO2 was qualified as suitable material 
for biodegradable coronary stent. 
Taking alternative approach, Zn-based alloys and nanocomposites were designed and 
developed to reach these targets. As-cast Zn alloy (Zn-1Mg) suffered from low ductility and non-
uniform inter-granular corrosion. After hot extrusion both corrosion uniformity and mechanical 
properties Zn-1Mg were improved through grain refinement effect of extrusion. Obvious grain size 
reduction was observed and primary grains changed from dendritic crystals to equiaxed ones. As 
to grain boundaries, the change is featured by a transformation from eutectic phase structure into 
particulate structure. 
Corrosion rates of Zn-based materials were nearly one-magnitude lower than Mg-based 
materials, and are more suitable for coronary stent application. Furthermore, they are tunable by 
adjusting material composition, and the rates range from 0.06 to 0.29 mm/ year, for versatile 
coronary stent designs. Hot extrusion and adding ND were effective in reducing corrosion rates of 
Zn. 
Zn1Cu0.1Mg alloy had best combination of strength (YTS 246 MPa and UTS 287 MPa) and 
ductility (25%), and capable to meet the extremely strict requirements of coronary stents. Moreover, 
strength and ductility of all types of Zn alloys are more than enough for interference screw. 
However, Zn-ND nanocomposites to improve their ductility before they can be applied in any 
implant application. 
Strength and ductility of Zn-Cu-Mg alloys highly depend on Mg content, thus are tunable for 
various implant applications. Among them, Zn-1Cu-0.01Mg is highly ductile (33%) while less 
strong (YTS 186 MPa and UTS 250 MPa), thus more suitable for large deformation implant 
application. In the meantime, Zn-1Cu-1Mg is rather strong (YTS 287 MPa and UTS 358 MPa) but 
less ductile (12.8%), and is a suitable candidate material for load-bearing implant application. 
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In Vitro cytotoxicity test results indicate that Mg, Mg-CeO2, Zn and Zn-Cu-Mg alloys are not 
toxic since cells growing in contact with corrosion products of these materials maintained high cell 
viability and healthy morphology. 
5.2 Recommendations for future work 
The main problem of MP processed Mg-ND is the weak bonding among Mg particles, and 
this problem could possibly tacked by reducing oxidation during PM processing, and thermo-
deformation processing afterwards. Advanced PM facilities (glove box, balling mill and sintering 
furnace) are required to lower oxidation content. Suggested thermo-deformation processing include 
hot extrusion, forging and rotary swaging. 
Ultrasonic processing is limited to handle low content of nanoparticles, e.g. CeO2, and 
agglomerations were found in Mg with high CeO2 content. High density-energy ultrasonication is 
needed to disperse high content of CeO2 through finishing three steps of dispersion, which are 
scattering the capsule-shaped agglomerations, breaking the capsule-shaped agglomerations, and 
dispersing the Mg-wetted clusters. The wetting properties between nanoparticles and Mg can be 
improved by surface modification, which may greatly reduce chance of agglomeration formation. 
Mechanism of corrosion inhibiting effect of ND and nano-CeO2 could be further studied 
through extensive analysis of corrosion layer formation and composition. Cross-section of 
corrosion layer may provide better understanding of microstructure and micro-constitutes. 
Corrosion layers formed after various corrosion time need to examined and compared to better 
understand effect of ND and nano-CeO2 on dynamic formation of corrosion layer. 
Tensile or bending test of Zn alloys after long-term corrosion test may help predict long-term 
mechanical stability of Zn alloy implants In Vivo. 
Animal study is necessary to evaluate In Vivo degradation behavior of Mg-CeO2 and Zn-based 
materials. Such study is necessary to characterize these materials in terms of In Vivo toxicity 
including both toxicity to local tissue and systematic toxicity to various organs. 
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